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GLYCOGEN AND CALCIFICATION 
By G. E. GLOCK 

From the Department of Physiology, Bedford College, University 

of London 

(Received 14 July 1939) 

The inhibitory effect of NaF on calcification has been realized for a _ 
considerable time, bnt the exact nature of this inhibition is still unknown. 

It might be thought that NaF exerts its influence by inhibiting the 
phosphatase mechanism. There is evidence, however, that NaF does not 
greatly affect the hydrolysis by alkaline phosphatases, which represent the 
chief type of phosphatase present in bone and serum, although it inhibits 
other types of this enzyme. Belfanti, Contardi & Ercoli [1935 a, b, c] 
showed that acid phosphatases, which occur in liver, kidney and ery- 
throcytes, are inhibited lii vitro by NaF, whereas the alkaline phosphatases, 
found in bone, serum and kidney, are not unless they are in acid media. 
Robison & Rosenheim [1934] showed previously, using bone slices, that 
0-01 M NaF did not affect the hydrolytic activity of bone phosphatase, 
although 0-00001 M NaF inhibited the “second” mechanism of calci- 
fication. When phosphoric esters were present there was no inhibition. 

Kay [1928] found that 0-04— 0-08 AI NaF diminished the rate of 
synthesis by kidney phosphatase but did not affect the equilibrium. 
Robison & Rosenheim [1934] think it possible that the “second” 
mechanism of calcification might involve the synthetic activity of the 
phosphatase of ossifying cartilage. They suggested that in certain 
localities in ossifying tissue, the phosphatase is so conditioned, perhaps 
by water changes at the interface, that its activities are mainly synthetic, 
so that there is a local transitory increase in the concentration of phos- 
phoric esters, which serve as an increased potential concentration of 
inorganic phosphate, and, on transfer to another locality of cells or tissue, 
ra. xcnii. -1 
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where the phosphatase is hydrolytically active, the ester is hydrolysed, 
finally resulting in the deposition of bone salts. 

It is difficult to explain the inhibitory action of very low concentrations 
of NaF on calcification, and for this reason the present investigation was 
undertaken, in an attempt to elucidate further the nature of this inhibition. 

Laszt & Verz&r [1935] described a condition of osteoporosis in young 
rats resulting from the feeding of Na iodoacetate. Their evidence, how- 
ever, is unconvincing. Both NaF and Na iodoacetate interfere with the 
normal carbohydrate cycle of tissues, although at different stages. The 
effect of NaF on the enzyme systems in yeast and muscle in vitro com- 
monly leads to an accumulation of certain phosphoric esters, especially 
of phosphoglyceric acid. NaF also causes the disappearance of free 
phosphate from muscle systems and Beattie & Milroy [1925, 1926] found 
that this was accompanied by the disappearance of glycogen. 

Very few experiments have been done on the action of NaF on the 
metabolism of the intact animal. Lipmann [1930] injected NaF into 
the lymph sacs of frogs under urethane anaesthesia. In a short time the 
muscles became practically inexcitable and lactic acid formation was 
inhibited. The effects are similar to those produced by iodoacetate. In 
these fluoride-poisoned muscles, there was an increased breakdown of 
phosphagen and adenyl-pyrophosphate and marked esterification of 
hexose with phosphoric acid. These results seem to confirm those obtained 
with muscle extracts. 

A certain amount of work indicating a possible relationship between 
glycogen and calcification has been reported in the literature. Neumann 
[1877] showed, by the iodine method, glycogen to be present in all types 
of cartilage, both foetal and adult. Marchand [1885] stated that “the 
increase in the size of the cartilage cells in the neighbourhood of the bone 
is due to an accumulation of glycogen or at least coincides with it”. 
Creighton [1896] found that when teeth of foetal kittens were stained 
with iodine, the gum epithelium and the dental furrow, but not the 
enamel organ, contained glycogen. Extending his study to rodents, he 
showed that glycogen was present in the enamel organ of the incisors 
(i.e. persistently growing teeth) but not in any others. He also found 
glycogen in the enlarged epithelial cells of the gum which later form the 
cement, and found that the disappearance of glycogen from these cells 
ran parallel with the appearance of calcareous globules. In contrast 
with the work of Neumann, Creighton found that glycogen was present 
in all ossifying cartilage, but in no other types. He also found that no 
glycogen was present in the costal cartilages of rachitic animals. This 
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investigation was the first to indicate the possible connexion between 
the occurrence of glycogen and calcification processes. Sundberg [1924] 
found that ossifying cartilage cells contain more glycogen just before 
calcification begins and, as it proceeds, the cells disintegrate and the 
glycogen disappears. He also studied the distribution of glycogen in 
developing teeth and found it to be abundant in the enamel cord ( Zahn- 
leiste”) and in the outer enamel epithelium, but practically never in the 
inner enamel epithelium and never in the dental papilla. Harris [1932, 
1933] demonstrated the presence of glycogen in developing ossifying 
cartilage of newborn rats and human embryos and found that this 
disappeared as calcification proceeded. He found that glycogen increased 
with the age of the cartilage cell, but occurred in hypertrophic cartilage 
cells only, none being present in the osteoblasts or bone trabeculae. This 
storage of glycogen in cartilage cells in an area devoid of blood vessels 
and nerves is according to Harris a “manifestation of its vegetative 
characteristics”. Harris suggested that in calcification there is an as- 
sociation of glycogen, phosphatase, phosphoric esters and vitami n D, 
the hypertrophic cartilage cell producing both glycogen and phosphatase. 
(According to Fell & Robison [1930], however, phosphatase is actively 
secreted by the osteoblasts, and these, according to Harris, are devoid of 
glycogen.) Harris’s view is that the hydrolysis of glycogen leads to the 
formation of hexose phosphoric esters, and these, under the action of 
phosphatase and in the presence of Ca ions, would lead to the deposition 
of bone salts. Robison & Rosenheim [1934] regard blood as the chief 
source of the phosphoric esters necessary for calcification, but also con- 
sider it possible that these might arise from the synthesis or breakdown 
of glycogen, as suggested by Harris. Harris also found glycogen in 
developing teeth and observed a gradual transition from a concrete 
accumulation of glycogen in the epithelium of the dental furrow to dis- 
crete particles in the dentine germ and their absence from fully differen- 
tiated ameloblasts. Needham [1931] criticizing the early work, wrote: 
“Nobody now accepts Creighton’s views and the attribution of any 
special embryological importance to glycogen is superfluous. While it 
may be useful to know the histological distribution of glycogen in the 
embryo, at present little physico-chemical meaning can be attached to 
most of this work. Investigators continue to labour along these lines, 
however.” It would seem, however, that the work of Robison and indeed 
the more recent work of Needham and co-workers on the evocator action 
of desmo- and lyo-glycogen, does indicate that the distribution of glycogen 
in areas of future bone formation is of some significance. 


1—2 
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Recently, Gendre [1938] studied the occurrence of glycogen in 
ossifying cartilage of guinea-pig and rat foetuses of different ages. He 
found glycogen in hypertrophic cartilage cells and osteoblasts. The 
glycogenic infiltration of the cells was maximal when the medullary 
vessels were excavating the cavities of the degenerating cartilage cells. 
He thin k s that at this moment the massive arrival of nutritive material 
to the cells stimulates glycogenic activity. He considers an indirect 
intervention of glycogen in calcification processes to be probable. 

Further evidence in support of the importance of carbohydrate in 
calcification is afforded by the work of Robison & Rosenheim [1934] that 
glucose is inhibitory to the “second mechanism”. 

Methods 

In the present investigation, a preliminary report of which has already 
appeared [Glock & Murray, 1938], the glycogen content and the degree 
of calcification in long bones and in the teeth of rats were followed 
histologically and also the Ca and glycogen contents of bones were deter- 
mined chemically. The rats were killed at intervals from 4 days before 
birth up to about 7 weeks of age. Two groups of rats were used. The diet 
of each group was that used in previous investigations carried out in this 
laboratory and consisted of the diet of Coward [1938]. The animals 
received 15 g. of this stock diet. It was moistened with 15 c.c. water for the 
control group and for the “ fluoride ” group with 15 c.c. 0-05 % NaF. All the 
‘ ‘fluoride’ ’ rats used were bom of and suckled by mothers who were receiving 
this fluoride diet and, after weaning, the baby rats also received this diet. 

It has been shown with rats by Murray [1936] and Knouff, Edwards, 
Preston & Kitchin [1936] with dogs, that there is prenatal as well as 
postnatal maternal transference of fluorine. Murray found that litters 
of rats bom of “fluoride” mothers contained fluorine to the extent of 
0-0004 % F ( = 0-0002 M F), expressed in terms of wet weight, in excess 
of the control fitters. This is considerably greater than the concentration 
of fluorine which Robison & Rosenheim [1934] found to inhibit calcifi- 
cation in vitro, although probably only that part of the fed fluorine which 
is not deposited in bone could be effective. The metabolic processes of 
the bones and teeth of the “fluoride” rats used in the present investi- 
gation were therefore subjected to the influence of fluorine both pre- and 
post-natally. 

Chemical investigation. The long bones of right and left fore- and hind- 
limbs were removed, scraped well to remove all the adhering muscle and 
introduced respectively into 4 Pyrex centrifuge tubes graduated at 12 c.c. 
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and containing 2 c.c. of 60% KOH. (When the bones were larger, 4 c.c. 
KOH were used) The tubes were covered and heated in a boiling water- 
bath for 3 hr., then removed, cooled, made up to 12 c.c. with distilled 
water and centrifuged. The supernatant fluid contained the glycogen 
and the centrifugate the insoluble Ca salts. 10 c.c. of the supernatant 
liquid were removed for the estimation of glycogen, introduced into a 
12 c.c. graduated centrifuge tube and evaporated in a water-bath down 
to 3 c.c. To this were added 1 c.c. 5 % Na 2 S0 4 and 6 c.c. absolute alcohol 
and the tube replaced in the boiling water-bath until the alcohol just 
boiled, bv which procedure the glycogen and Ha^SO^ precipitates 
flocculate well. The tube was removed and allowed to stand for 2 hr. and 
then centrifuged. The residue was stirred up and recentrifuged twice 
with 65% alcohol and once with 90% alcohol and then dissolved in 5 c.c. 
warm water. To remove any protein still present, this solution was treated 
with 2 c.c. Hagedom and Jensen’s ZnS0 4 solution and 2 c.c. iV/lONaOH, 
made up to 12 c.c., heated in the boiling water-bath for 3 min., cooled 
and centrifuged. The glycogen contained in 10 c.c. of the supernatant 
fluid was hydrolysed by heating for 3 hr. in a boiling water-bath with 
2 c.c. 2 N HC1. This was cooled, carefully neutralized with solid NajCOj, 
made up to 12 c.c. and 2, 3, or 5 c.c. portions used for the estimation of 
glucose by Hagedom and Jensen’s method. 

The residue from the original alkali-treated bones was dissolved in 
warm 10% HC1, made up to 12 c.c. and 1 or 2 c.c. portions used for the 
estimation of Ca. 

Histological investigations. The rats were killed by decapitation and 
the upper and lower jaws and the long bones of forelimbs (humerus, 
radius and ulna) and hindlimbs (femur and tibia, the fibula being discarded 
since in most cases it was very small) removed as quickly as possible. The 
upper and lower jaws were bisected longitudinally and one half of each 
was placed in Bouin’s fixative for subsequent staining for glycogen and 
the other half in 5% formalin saline to test the degree of calcification. 
The long bones on one side were hardened for glycogen and on the other 
for the calcification test, using the same fixatives as for the jaws. Von 
Kossa’s method was used for determining the degree of calcification of 
the bones and teeth, the sections being subsequently lightly counter- 
stained in safranin. Glycogen was stained by Carleton’s [1938] modi- 
fication of the iodine method of Langhans and then by Best’s carmine 
method. tYheuever glycogen was detected by staining, 'it was confirmed 
by the fact that after digesting the sections with filtered saliva, glycogen 
staining reactions were no longer given. 
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Foetal rats from 3 days before birth up to 7 days old were used for 
the developing teeth and rats from 5 days before birth up to 14 days old 
for developing bones. It was found impracticable, owing to the increasing 
hardness of the teeth and bones, to continue the histological observations 
beyond this time. Developing teeth were also examined in several foetal 
kittens of unknown age. 

Results 

The results for the Ca and glycogen contents of the bones of the control 
and fluoride rats are given in Table I and are represented graphically 
in Fig. 1. 

By reference to the graph, it is seen that with the normal rats, the % 
Ca increases steadily from birth, whereas the glycogen increases rapidly 
up to about 10 days and then rapidly decreases to remain at an approxi- 
mately constant level of 0-07 % from the 26th to the 50th day. The results 
of the “fluoride” rats, however, show that the calcification is inhibited 
during the first 15 days and after this rises rapidly to the same level as in 
the control animals. The glycogen is at a much lower level in these 
“fluoride” animals and reaches a maximum at about 15 days, at which 
time the degree of calcification suddenly begins to rise. It would therefore 
seem possible to suggest that the normal progress of calcification in the 
early stages bears some relationship to the concentration of glycogen in 
the hypertrophic cartilage cells and that the delay in the calcification 
observed in the fluoride rats might be attributed to their low glycogen 
content. That NaF only exerts its inhibitory effect when presented during 
development is corroborated by other facts. It has been shown in this 
laboratory that the inhibitory effect of fluoride on the growth of rats is 
only seen up to about 6 weeks of age, after which time, the growth of 
“fluoride” rats is similar to that of the control animals. Also, mottled 
teeth are the result of the intake of fluorine during the period of their 
development. 

Histological examination of the bones showed that those obtained 
from the foetal rats aged 5 to 4 days before birth, contained glycogen in 
the cartilage cells and this was principally located in the cells of the region 
which would later be the primary centre of ossification. At 2 days before 
birth, when the primary centre of ossification had appeared but calci- 
fication had not begun, glycogen was present in the hypertrophic cartilage 
cells of this region but not in the epiphysial cells. At 1 day before birth 
calcification had begun in the primary centre of ossification and a small 
amount of glycogen was present in the epiphysial cells. From 2 to 10 
days after birth, when calcification in the shaft was steadily increasing, 
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Table I. Calcium and glycogen content of bones of young rats with and without 

NaT in the diet. 



Time in dayB 

Fig. 1. Curves of the calcium and glycogen contents of the developing 
bones of control and “fluoride" rats. 


and before the secondary centre of ossification bad arisen, glycogen was 
present in both hypertrophic and epiphysial cells. The glycogen in the 
epiphysial cells increased steadily from 1 day before birth to 11 days 
after birth, after which time it began to decrease. The secondary centre 
of ossification appeared at approximately 10 days, and calcification 
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began here at 11 days of age. It would thus seem that the maximal 
glycogen content of the epiphysial cells corresponded appro xim ately to 
the beg innin g of calcification. The glycogen content of the corresponding 
“fluoride” bones was in all cases less than that of the control rats, as 
also was the degree of calcification, which calcification in the secondary 
centre of ossification began 1—2 days later than in the control rats. This 
observation on the degree of calcification does not coincide exactly with 
the chemical findings. The percentage Ca in the “fluoride” bones up to 
5 days of age was not less than in the controls. 

In the jaws, the molar teeth were examined, since in rats these are 
more comparable to the teeth of man, the incisors of rodents being per- 
sistent in growth. In the very early stages of tooth development, such as 
have been examined in foetal kittens, where the tooth germ, enamel 
knot and dental lamina are well defined, glycogen was very abundant in 
the mouth epithelium, lip furrow band, dental lamina and in all the cells 
of the tooth germ, particularly in the outer limits of the cells of the 
enamei knot, i.e. the eeiis which will iater give rise to the amelobfasts. At 
a later stage in development, in the teeth of foetal rats 2 and 1 days before 
birth, a considerable amount of glycogen was present in the outer enamel 
epithelium of the enamel organ and less in the stellate reticulum. Definite 
glycogen granules have not been seen with certainty in the ameloblasts 
or odontoblasts, and they have never been seen in the pulp. In several 
sections of rats’ teeth, taken 1 day before birth, glycogen was observed 
in the predentine. In these, the glycogen was not present in the usual 
form of discrete granules, but this can probably be attributed to the 
nature of the matrix. Glycogen was found to be absent from the enamel 
and dentine of teeth after birth. It was still present in the outer enamel 
epithelium 2 days after birth, but disappeared completely shortly after 
this. These observations on the distribution of glycogen in developing 
teeth confirm and extend those of Sundberg and Harris. 

Parallel calcification tests indicated that calcification does not com- 
mence until the glycogen has practically disappeared, It may be that the 
first appearance of calcification is coincident with the disappearance of 
glycogen. 

Discussion 

The results with the bones are more comprehensible if an attempt is 
made to separate the two stages of calcification, which arise from the 
primary and secondary centres of ossification respectively. The glycogen 
and Ca contents of the bones obtained by chemical determination repre- 
sent the sum of these two stages. Up to 11 days after birth, the increasing 
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Ca content represents the increasing degree of calcification in the shaft 
of the bone originating from the primary centre of ossification, whereas 
at 11 days, when calcification begins in the secondary centre of ossification, 
and onwardB, it represents the sum of the calcification occurring in both 
shaft and epiphyses. The glycogen contents also represent the sum of the 
glycogen present in these two regions. From the histological observations, 
it would appear that the glycogen content of the foetal bones is quite 
considerable, this increasing up to about 2 days before birth, when 
calcification begins, and then disappearing except from the towb of 
hypertrophic cells on either side of the calcifying region of the shaft. 
From 2 days before birth onwards, the glycogen in these hypertrophic 
cartilage cells is approximately constant in amount, only increasing as 
the total number of these cells increases by cell division. The glycogen 
content of the bones determined chemically, from birth to 10-13 days 
old, thus represents the sum of an approximately constant fraction 
present in the hypertrophic cartilage cells of the shaft and a steadily 
increasing fraction, representing the glycogen in the cartilage cells of the 
epiphyses. The decrease in the glycogen content after 11 dayB is caused 
by the disappearance of the glycogen from the epiphysial cells other than 
the hypertrophic ones adjoining the calcifying region. It is thus apparent 
that the cartilage cells of both shaft and epiphyses contain quite a con- 
siderable amount of glycogen immediately before calcification begins, 
but that once calcification has begun the glycogen falls off to a small and 
more or less constant amount. 

It seems feasible to suppose that the glycogen accumulating in the 
cartilage cells before calcification begins is the initial source of the phos- 
phoric esters. When calcification has begun and the calcifying zone is 
very vascular, the phosphoric esters of the blood obviously afford another 
supply. That glycogen serves as the initial source of these esters and the 
blood as the later source is substantiated by the rapid decrease in the 
glycogen content of the cartilage cells after calcification has begun. It 
was noticed, particularly in the 11 and 13 days’ old bones, when epiphysial 
calcification had just begun, that there was a row of very fine glycogen 
granules at the periphery of the hypertrophic epiphysial cells in addition 
to the more massive intracellular deposits. Sundberg [1924] found that 
at this stage the glycogen broke up into very small granules, but did not 
remark about the peripheral distribution. The presence of these granules 
in close proximity to the matrix would suggest their participation in 
some functional activity such as calcification. This would also offer an 
explanation for the fact that although NaF inhibits the early stages of 
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calcification, the degree of calcification is eventually as good as the control 
animals. The lag in calcification observed in the early stages could then be 
attributed to the low concentration of glycogen, which is then probably 
the source of the phosphoric esters. The subsequent recovery could be 
attributed to the fact that the blood, the later source of the phosphoric 
esters, is probably not significantly different in control and “fluoride” 
animals. 

It is inviting to attempt to correlate the observations on the glycogen 
content of teeth with the work of Needham and his co-workers. Wadding- 
ton, Needham, Nowinski & Lemberg [1935] obtained induction of neural 
tubes in amphibian embryos by implantation of crude glycogen. The 
significance of the occurrence of glycogen in developing teeth may be 
that glycogen carries with it an evocator which induces tooth develop- 
ment, and that when all the essential parts of the tooth are present both 
glycogen and evocator disappear. 

It is difficult to say from histological evidence alone whether glycogen 
breakdown products serve as a source of the phosphoric esters in the early 
stage of tooth calcification as the results indicate it does for bone. There 
seems, however, no reason why glycogen should not play the same role 
in both, firstly as a possible initiator of development and secondly as the 
primary source of the phosphoric esters required for calcification. 

Summary 

1. The glycogen content and the degree of calcification of developing 
long bones and teeth of foetal and young rats were studied histologically 
and in addition chemical determinations of the Ca and glycogen contents 
of the bones were made. 

2. These observations were carried out on normal rats, and on rats 
suckled by mothers receiving 0-05 % NaF in their diet, and subsequently 
themselves receiving this diet. 

3. The histological observations in the case of bones were amply 
confirmed by the chemical determinations. 

4. The glycogen content of the developing bones determined chemi- 
cally, increased up to about 10-13 days after birth and then rapidly 
declined, whereas the calcification increased progressively. 

5. The glycogen content of the bones of the “fluoride” rats was 
considerably less at all ages than the corresponding control rats and the 
maximal concentration, which was only a third of that of the control 
animals, was reached later. Calcification was retarded in the early stages 
of development, but eventually reached the same level as the controls. 
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6. Glycogen was only piesent in very early stages of tooth develop- 
ment and disappeared as soon as or soon after calcification began. 

7. It is suggested that in both tooth and bone development) glycogen 
might first initiate the differentiation and later serve as a primary Bource 
of the phosphoric esters required for calcification. 

8. The inhibitory effect of Nal? on bone calcification might he 
attributed to the low glycogen content which resulted from the adminis- 
tration of fluorine. 

My thanks are dne to the Medical Research Council for a personal grant, to Hr Margaret 
Murray for her helpful advice, and to Miss W. M. Bailey for the care of the animals. 
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The effect of temperature on unstriated muBcle has been described by 
several workers [Schultz, 1897; Eckstein, 19 20; Winton, 1927], but since 
it was found that the two excitabilities in unstriated muscle are affected 
differently by various agencies [Singh, 19386], it was deemed expedient 
to determine the effect of temperature, as this also does not affect them 
identically. As temperature may affect the viscosity of the muscle 
[Gasser & Hill, 1924], certain experiments were performed to elucidate 
this probable action and, as viscosity has been considered to play an 
important part in enabling unstriated muscle to maintain a tonic con- 
traction without expenditure of energy [Bayliss, 1928; Winton, 1937], 
the oxygen consumption of the muscle under various experimental 
conditions was also recorded. 

Methods 

The oxygen consumption was measured in Warburg manometers, 
which were shaken in an “ Amine 0 ” thermostat maintained electrically 
at 27 + 0-05° C., or at any other desired temperature by means of electrical 
heating combined with cooling with a refrigerating unit. Manometric 
vessels of 16-17 c.c. capacity with single side bulbs were used. 

The Q ()i of the muscle in saline varies from frog to frog and hence, in 
experiments involving comparison of oxygen consumption of control and 
treated muscles, the frog stomach was divided into two nearly equal 
halves, one of which was used as the control and the other as the 
experimental. The muscle was mounted on a glass frame which consisted 
of a thin glass rod bent at right angles at two places to form a double L, 
the middle limb of which was 2 cm. and the ends about 0-75 cm. long; 
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the muscle was slightly stretched, and the ends tied to the short bmbs, 
hut, if the muscle was rather long, it was folded transversely and fixed 
at one end of the frame and the tiro ends mere tied to the same hm . 
The frame mas accommodated in the flat bottom of the vessel. The side 
hulh contained 0-1 c.c. of 20% KOH and the volume of the fluid was 
4 c.c. At the end of the experiment the muscle mas dried to a constant 


■weight in an oven and weighed. 

For a.c. stimulation, a vessel of 40 c.c. capacity was used, two silver 
electrodes were fixed by means of enamelled copper wires passing 
through a tightly fitting rubber stopper in a side opening, and the 
muscles were placed lengthwise between the electrodes. If adrenaline 
was used in any solution, a control flask was set up to record any oxygen 
uptake by the drug itself. In these experiments the tension produced 
could not be recorded but a control muscle was set up outside under 
similar experimental conditions and its behaviour recorded. 


Results 

Effect of temperature, on the response to ions outside. Tone is affected 
by changes of temperature in a curious way (Fig. 1). In frog and Mytilus 



Temp. C C. 

Pig. 1. Tie effect of temperature on tie response of frog muscle to A.c. (10 V./10 sec.), 
potassium (0-04 -If KC1), on the a.c. off-contracture and tone. 

muscles tone increases with temperature up to 20° C.; then it declines 
up to 35-40° C. and increases again up to 45-46° C. Further increase 
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in temperature produces a rapid and irreversible loss of tone; the muscle 
becomes inexcitable to all forms of stimulation. The decline in tone above 
20 C. and the secondary rise at high temperatures are sometimes absent. 

The contracture produced by sodium salts, bromide, nitrate, iodide, 
thiocyanate (the chloride of the saline being replaced with the anion) is 
affected s imil arly. As with normal tone, there may, in thiocyanate, be 
a continuous increase in contracture with temperature. 



Fig. 2. The effect of temperature on the response of Hytihis muscle to A.c. (10 V./10 sec.) 
and A.c. (10 V./6 min.), potassium (0-1 if KC1), on the a.c. off- contracture and tone. 

In frog muscle the optimum temperature for the potassium contracture 
is also 20° C. ; the secondary rise is either absent or slight. In Mytilus 
muscle the excitability to potassium is affected more or less similarly 
(Fig. 2), the optimum temperature being 14—15° C.; a difference between 
frog and Mytilus muscle is that the latter may exhibit increased ex- 
citability at low temperatures (2-3° C.). In frog muscle the a.c. off- 
contracture increases with temperature up to 33-35° 0., and in Mytilus 
muscle up to 35-37° C. These observations may be accounted for by 
ass umin g that the stimulating power of ions outside, especially the 
anions, increases uniformly with temperature (20—45° 0.); but that 
adaptation also increases with temperature, so that there is an inter- 
mediate decrease in excitability. That this is likely is shown by the 
following experiments: (1) In Mytilus muscle adaptation to potassium 
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increases so mucli that the contraction resembles an A.c. twitch at 
ahont 30-35° C. (2) This decrease may be absent in thiocyanate which 
decreases adaptation. (3) The secondary rise is slight or absent m excess 
of potassium to which adaptation is rapid. (4) It is absent with the A.c. 
off-contracture obtained by passage of A.c. for 3-5 min. With such a 
procedure the process of adaptation is antagonized by ions outside, with 
the result that the A.c. off-contracture and the tension at the end of 
the period of prolonged stimulation increases with temperature up 
to 35-37° C. 

Influence of temperature on the response to A.c. The response to a.c. 
increases with temperature up to a certain value and then declines; the 
optimum temperature in frog muscle varies from 20 to 30 C., possibly 
depending somewhat upon the composition of the saline (Table I). 


Table I. The optimum temperature for a.c. (10 V./10 Bee.) in frog stomach muscle. 


No. 
of exp. 

In frog saline 


Osmotio 
pressure, 
times normal 

Optimum 

temperature 

°C. 

1 

Normal 

7 

092 

27 

2 

Normal 

7 

1-0 

30 

3 

Normal 

8 

1-0 

20-25 

4 

0 027 M KC1 

8 

0-92 

25-30 

5 

0 027 If KC1 

8 

1 

30 

6 

Cl replaced with NaNOj 

8 

0-02 

25 

7 

Cl replaced with iodide 

7 

1-0 

25 

8 

Cl replaced with iodide 

8 

1-0 

30 

9 

Cl replaced with SCN 

8 

0-92 

80 

10 

Cl replaced with SCN 

8 

1 

25-30 


These variations in frog muscle can be understood by studying the 
effect of temperature on Mytilus muscle. The optimum temperature for 
A.c. in Mytilus muscle depends upon the duration of the stimulus; for 
A.c. for 10-60 sec. it is 20° C., and for a.c. for 3-5 min. it is 35-37° C. 
If a.c. is passed for 10 sec. the optimum temperature is less than in frog 
muscle, owing probably to the greater sodium chloride content of 
Mytilus saline; but with longer duration of the passage of the current 
adaptation comes into play and the optimum temperature increases. 
In frog muscle adaptation to a.c. increases with temperature, and in 
Mytilus muscle it decreases; this difference is due to the greater sodium 
chloride content of Mytilus saline. 

The optimum temperature for the response of frog muscle to acetyl- 
choline is 30° C. and that for the ammonium withdrawal contraction is 
the same as that for the a.c. contraction; the optimum temperature for 
the ammonium contraction is, however, the same as that for the 
potassium contraction. 
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Viscosity 

The response of unstriated muscle is more sluggish than that of 
striated muscle and this has been ascribed to the greater viscosity of the 
former (Hill, 1926]; the relaxation of unstriated muscle is particularly 
slow, and the tension which the muscle thus maintains for a considerable 
period has also been ascribed to increase in the viscosity [Bayliss, 1928; 
Winton, 1937]. During the present and previous experiments it was 
noticed that sometimes the responses of plain muscle were brisk, and at 
other times sluggish, and in the present experiments it has been possible 
to vary the sluggishness of the response. 








Pig. 3. The effect of temperature on the response of frog muscle to A.o. (10 V./10 sec.); 

time markings 5 sec. 

Effect of temperature. Decrease of temperature (experimental range 
down to 3° C.) decreases the rate of rise of tension and rate of relaxation 
and increases the latent period of the response to A.c. (Fig. 3) and acetyl- 
choline. Owing to the prolongation of the latent period and diminution 
of adaptation, the muscle appears to find difficulty in beginning the 
contraction, and to stop contracting when the stimulus has ceased ; the 
inertia of the contractile mechanism is, as it were, increased. The rate 
of change of length diminishes with decrease of temperature (Fig. 4). 
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Fig. 4a. The effect of temperature and certain ions on the rate of change of length of frog 
muscle. N.S. normal saline; KC1, KSCN, replacement of the sodium salt of the saline 
with these salts. 



Tig- Effect of temperature on the relaxation after a.c. stimulation. Measurement of 
each contraction made from same height from the base line. 

FH. XCVIII. 


2 
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With decrease of temperature, the spontaneous contractions and the 
ammonium withdrawal contractions also become sluggish. 

Eff zct of ions. All ions that cause tonic contraction, such as potassium, 
barium, and the salts of sodium, decrease the rate of rise of tension as 
well as that of relaxation [Singh, 1938e]; the latent period also is 
prolonged. The effect of these ions is antagonized by increase of osmotic 
pressure. 

Calcium neutralizes the effect of excess potassium. Previous stimu- 
lation with a.c. also increases the rate of change of tension during an 
A.c. contraction; Winton [1937] found that a.c. reduces the viscosity of 
plain muscle. If the muscle is fatigued by prolonged stimulation, tone 
develops and the rate of change of tension decreases; Levin & Wyman 
[1927] found that the viscosity of frog striated muscle was increased 
during fatigue. If the muscle exhibits much tone, the rate of change 
of tension is less. 

Increase of temperature increases the rate of change of tension, but 
in excess of ions causing tonic contraction, the rate is diminished at high 
temperatures (30-45° C.), since the sensitivity to these ions increases; in 
normal saline, too, the rate diminishes if tone develops at 35-40° C. 

Experiments were performed to test the effect of ions on the rate of 
change of length during isotonic stretch and release, but the presence 
of spontaneous contractions interfere with the stretch or release curves; 
these contractions can be diminished by reducing the calcium content 
of the solutions by 50 % , excluding the potassium chloride and reducing 
the temperature to 20° C. Under such conditions the spontaneous con- 
tractions are usually present, though di mini shed ; but in one muscle they 
were absent, and in this muscle, potassium and thiocyanate diminished 
the rate of change of length, though the effect was not very marked 
(Fig. 4). Barium chloride and low temperatures (3-5° C.) have such a 
marked effect, that the diminution in the rate of change of length is 
quite obvious; 0-01647 BaCl 2 produces nearly the maximum decrease, 
which is reversible in 15—30 min. , and 0-0447 BaCL, produces a change, 
which is only slightly reversible in 2 hr. 

In Mytilus muscle these ions produced asymmetric curves [Singh, 
1938c]; in frog muscle asymmetric curves are also produced if sufficient 
time is not allowed for the process of contraction to subside. The 
asymmetric curves in Mytilus muscle were probably, then, due to the 
fact that, owing to high sodium chloride content of sea water, adaptation 
is very slow, and even though considerable time was allowed, the process 
of contraction had not subsided. 
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Effect of strength of stimulus. The rate of rise of tension increases 
■with the strength of the stimulus. This is comparable to the effect of 
variation of the load on the rate of extension. Substances that diminish ' 
the excitability, diminish the^rate of rise of tension, but the rate of 
relaxation is not appreciably affected. At high temperatures (3CMD C.), 
the excitability to a.c. diminishes but the rate of rise of tension is rapid; 
this suggests that the process that produces contraction iB nndiminished, 
and that the smaller tension developed at high temperatures is due to 
some other process, viz. adaptation [Smgh, 1938c?]. 

Magnitude of the response. M inton [1937] found that the viscosity 
of Mylihts muscle during a D.c. contraction does not decrease to the 
same extent as it does during an a.c. contraction, so he concluded that 
this accounted for the response to n.c. being smaller than that to a.c. 
This conclusion finds support from the present experiments, as it has 
been found that whatever decreases the rate of rise of tension, the rate 
of relaxation and the rate of change of length, also diminishes the 
magnitude of the response; at higher temperatures all these factors 
increase, but the response diminishes owing to increased adaptation, so 
that viscosity as well as chemical factors are concerned in determining 
the magnitude of the response. 

During tonic contraction the muscle becomes inexcitable to all forms 
of stimulation; this is probably due to increased viscosity. The responses 
of the muscle become sluggish and this sluggishness culminates in 
inexcitability. This is especially seen if Mytilus muscle is stimulated with 
a.c. in saline containing barium. It is also seen if Mytilus muscle is 
stimulated with potassium if previously immersed in Mytilus saline the 
chloride of which has been replaced with bromide or nitrate. S imilar ly 
frog muscle becomes inexcitable if it passes into tonic contraction 
induced by anions. 

Viscosity during contraction. MTnton [1937] found that the viscosity 
of Mytilus muscle was reduced during A.C. contraction. 

MTien the muscle is excited, two processes probably occur: (1) leading 
to contraction, (2) reducing viscosity. In Mytilus muscle, if tonic con- 
traction is produced by barium, these two processes can actually be 
dissociated [Singh, 1938/]. In any case tone, which is probably accom- 
panied by increased viscosity, is reduced during A.C. contraction. It has 
been suggested previously that calcium reduces the viscosity, and is 
liberated by the first process. During a.c. contraction, which appears 
to be produced by ions within the fibres, the viscosity is reduced, and 
it is significant to note that increase in osmotic pressure, which 

2—2 
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increases the concentration of ions within the fibres, also increases 
the rate of rise of tension and that of relaxation if reduced by excess 
of potassium. 

Oxygen consumption 

The oxygen consumption of unstriated muscle has been measured 
by Meyerhof & Lohmann [1926], Rosenthal & Lasnitski [1928], Lovatt 
Evans [1926], and Glaister & Kerly [1936]. In the present experiments, 
the weight of the muscle used for studying the oxygen consumption 
during tonic contraction varied from 50 to 150 mg.; readings were taken 
hourly. For A.c. stimulation readings were taken every 15 min., so 
larger amounts of tissue, consisting of 5-6 pieces of muscle (500-700 mg. 
of dry weight), had to be used. Use of such large amounts of tissue does 
not appear to be a drawback as: (1) the oxygen uptake is very low and 
hence diffusion of gas causes no limitation; (2). the muscles are flat and 
their thickness was reduced by stretching (with stretching the response 
to a.o. increases); (3) the muscles were all separated from one another, 
so that gas exchange was not hindered. The oxygen consumption during 
the first 2-3 hr. is irregular; besides, the volume of the muscle increases. 
Thereafter the oxygen consumption becomes steady and remains 
remarkably constant for several hours; 2 1 c.c. of isotonic glucose in 
100 c.c. of saline is helpful. The values were recorded during the steady 
period only. 

Oxygen consumption during normal tone. Normal tone appears to 
require oxygen, as shown by the following observations: (1) The effect 
of stretching: if the length of the muscle is increased, the oxygen con- 
sumption of resting and stimulated muscle decreases (Table II, four 
experiments) ; this is probably due to the fact that under such conditions 
tone diminishes. (2) The optimum temperature for tone is 20° C., and if 
the temperature is decreased from 27 to 20° C., the oxygen consumption 
of muscles showing high tone, such as in saline the chloride of which has 
been replaced with nitrate, increases (three experiments). (3) The effect 
of adrenaline; tone as well as oxygen consumption decreases (four 
experiments). 

Oxygen consumption during tonic contraction. Two kinds of results 
were obtained; in one there was increased and in the other decreased 
uptake of oxygen. During tonic contraction produced by sodium 
thiocyanate (six experiments), sodium iodide (four experiments), sodium 
nitrate (three experiments), the chloride of the saline being replaced by 
the anion in all these experiments, potassium chloride (three experiments), 
the sodium of the saline being replaced with potassium, and (>016ilf 
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Table IL Oxygen consumption of frog stomach muscle (different muscles) 
I. Effect of stretching; 27’ G. 
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Of unstretched 
muscle 

16-2 

44-4 


(a) In normal saline 
(//) Cl replaced with iodide 

II. Effect of stimulation 


Stimulating saline or agent 

(а) Xa replaced with K 

(б) Cl replaced with CSS 
(e) Cl replaced with iodide 

(d) 0-016 if Bad. 

(e) 0-04 if BaCb 

(/) Cl replaced with X0 a 


Stretched 

muscle 

124 

29-5 

Qoi * 100 


( 9 ) A.C. (10 V.flO sec./min. 
for 12 min.) 

(M A.C. 


Temp. 

0 C. 

Control 
muscle In 

Treated 

normal saline 

muscle 

27 

22-0 

29-2 

27 

22-0 

35-6 

27 

22-7 

33-3 

27 

19-1 

23-5 

27 

294 

20-1 

20 

20-7 

28-1 

27 

27-3 

19-3 

37 

65-2 

79-7 

42 

60-0 

78-5 

27 

17-9 

34-2 

20 

18-6 

38-8 

15 

5-64 

11-2 

10 

3-62 

7-24 

25 

1S-6 

37-2 

30 

18-0 

32-0 

37 

30-7 

30-7 


XU. Effect of inhibition; 27° C. 


Qo s * 100 



t 

Control 

Treated 

Saline 

muscle 

muscle 

(a) Xa replaced with XH, 

23-2 

37-0 

(6) Isotonic sucrose -0-01 11 KOI 

26-7 

224 

(e) 1 in 75,000 adrenaline 

24-6 

18-1 


X.B. With a.c. stimulation, the Q 0 . decreases as the excitability decreases with 
change of temperature. 


BaCL, (four experiments), the oxygen, consumption increased. During 
extreme tonic contraction produced by O-OdAf BaCL (six experiments) 
the oxygen consumption decreased. In 0-016 M BaCL,, the muscle may 
exhibit spontaneous contractions, bat 0-04 ill BaCL, produces tonic 
contraction, so that the muscle becomes inexcitable and the rate of 
change of length is diminished to its maximum extent. 

Decreased oxygen uptake was also produced by other ions, potassium 
chloride (one experiment), iodide (one experiment), 0-016 M BaCL, (two 
experiments), potassium thiocyanate (one experiment); these ions are 
less potent than barium chloride in decreasing the rate of change of 
length. 
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increases the concentration of ions within the fibres, also increases 
the rate of rise of tension and that of relaxation if reduced by excess 
of potassium. 

Oxygen consumption 

The oxygen consumption of unstriated muscle has been measured 
by Meyerhof & Lohmann [1926], Rosenthal & Lasnitsld [1928], Lovatt 
Evans [1926], and Glaister & Kerly [1936]. In the present experiments, 
the weight of the muscle used for studying the oxygen consumption 
during tonic contraction varied from 50 to 150 mg.; readings were taken 
hourly. For a.c. stimulation readings were taken every 15 min., so 
larger amounts of tissue, consisting of 5-6 pieces of muscle (500-700 mg. 
of dry weight), had to be used. Use of such large amounts of tissue does 
not appear to be a drawback as: (1) the oxygen uptake is very low and 
hence diffusion of gas causes no limitation; (2) the muscles are flat and 
their thickness was reduced by stretching (with stretching the response 
to a.c. increases); (3) the muscles were all separated from one another, 
so that gas exchange was not hindered. The oxygen consumption during 
the first 2-3 hr. is irregular; besides, the volume of the muscle increases. 
Thereafter the oxygen consumption becomes steady and remains 
remarkably constant for several hours; 21 c.c. of isotonic glucose in 
100 c.c. of saline is helpful. The values were recorded during the steady 
period only. 

Oxygen consumption during normal tone. Normal tone appears to 
require oxygen, as shown by the following observations: (1) The effect 
of stretching: if the length of the muscle is increased, the oxygen con- 
sumption of resting and stimulated muscle decreases (Table II, four 
experiments) ; this is probably due to the fact that under such conditions 
tone diminishes. (2) The optimum temperature for tone is 20° C., and if 
the temperature is decreased from 27 to 20° C., the oxygen consumption 
of muscles showing high tone, such as in saline the chloride of which has 
been replaced with nitrate, increases (three experiments). (3) The effect 
of adrenaline; tone as well as oxygen consumption decreases (four 
experiments). 

Oxygen consumption during tonic contraction. Two kinds of results 
were obtained; in one there was increased and in the other decreased 
uptake of oxygen. During tonic contraction produced by sodium 
thiocyanate (six experiments), sodium iodide (four experiments), sodium 
nitrate (three experiments), the chloride of the saline being replaced by 
the anion in all these experiments, potassium chloride (three experiments), 
the sodium of the saline being replaced with potassium, and 0-016iif 
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a contracture occurs, and if stimulation with A.c. is applied, relaxation 
is greatly prolonged (Fig. 5); the rate of change of length is greatly 
diminished. During such prolonged relaxation, which lasts about 1-2 hr., 
the oxygen consumption was decreased. In cyanide, the respiration 
gradually becomes less, but the experiment showed that increased 
respiration was not necessary for prolonged relaxation. 

Oxygen consumption during inhibition. Replacement of the sodium 
of the saline with ammonium produces marked inhibition but the oxygen 
consumption is increased (three experiments). It has been shown also 
[Singh, 1939], that the action of sodium chloride in frog muscle is 
inhibitory and the immersion of the muscle in isotonic sucrose with the 
usual amount of potassium chloride causes the muscle to pass into 
contraction, and the oxygen consumption diminishes (three experiments). 
These experiments show that inhibition is an active process. 

Relaxation of the muscle may be (1) passive, caused by subsidence 
of the contractile process or by decrease of tone, (2) active, caused by 
a process which is antagonistic to tone, such as by A.c. It appears that 
a certain kind of shortening of the muscle is associated with decreased 
oxygen consumption, i.e. that produced by sucrose and barium chloride, 
and lengthening with increased oxygen uptake, i.e. that produced by 
ammonium ions. 

Effect of certain ions on weight 

In previous papers [Singh, 1938 a, 6], it was shown that the 
physiological activities of many solutions varied in the same order as 
that of their effect in changing the weight and base content of Mytilus 
muscle. As the response of frog muscle to certain solutions is different 
from that of Mytilus muscle, the effect of these solutions on the weight 
of frog muscle was recorded. 

In frog muscle isotonic solutions of sodium chloride (0-120 M) cause 
the muscle to lose weight by 20-30% in 24 hr.; in Mytilus muscle the 
effect of isotonic sodium chloride (0-564 M) is opposite to that in frog 
muscle. In frog muscle 0-564 M NaCl also causes increase in weight, so 
that, like potassium chloride or calcium chloride, small concentrations of 
sodium chloride cause dehydration, larger concentrations having the 
opposite effect. In correlation with this is the fact that small con- 
centrations of sodium chloride, as in frog muscle, are inhibitory, while 
large concentrations, as in Mytilus muscle, are stimulatory. 

Calcium chloride (0-0032 M) and potassium chloride (0-01 M) an- 
tagonize the effect of sodium chloride, that is, cause an increase in weight 
the effect being opposite to that in Mytilus muscle; in correlation with 
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Oxygen consumption during a.c. contraction. In three experiments 
the muscle was stimulated with a.c., 12V./10 sec ./min. for 12 min.; 
3 min. had to be allowed for cooling, since the passage of the current 
produced a slight rise in temperature. In six observations, the oxygen 
consumption rose by exactly 100%. The control muscle outside, the 
dry weight of which was 10% of the experimental muscles, gave an 
average tension of 30 g. with each contraction. 

Oxygen consumption during relaxation. Unfortunately, in frog muscle, 
it is not possible to produce that typical slow relaxation of an A.c. or 
D.c. contraction which is so easily produced in Mytilus muscle; nor has 



Fig. 5. Upper figure shows frequent stimulation of frog muscle with A.c. 12 V./10 sec./min. 
for 12 min.; the lower figure shows the contracture produced by cyanide (00243/ 
NaCN) and the contractions produced by a.c., followed by slow relaxation. 


it been possible to produce a tome contraction (easily produced in 
Mytilus muscle by barium) consisting of a series of contractions, each 
being followed by extremely slow relaxation, 10-20 g., taMng 60-90 min. 
to subside. Bayliss [1928] has calculated that with such a contraction 
no appreciable rise in oxygen consumption would be expected. 

The only methods by which prolonged relaxation was produced in 
frog muscle were: (1) repeated stimulation with a.c. (Fig. 5); the base 
line rises, and at the end of the period of stimulation gradually falls. 
Eight observations showed no rise in oxygen consumption during this 
period; two observations exhibited a rise, but subsequent repeated 
observations showed that this was due to a general rise in the level of 
oxygen consumption. (2) If the muscle is treated with 0-02 4M Na.CN, 
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this is the fact that the effect of calcium in frog muscle is opposite to that 
in Mytilus muscle. When frog muscle is immersed in Ringer solution, it 
increases in weight for 2—3 hr. and then loses weight; this is due to the 
calcium of the saline. 

The anions, bromide, nitrate, iodide and thiocyanate, cause increase 
in weight both in Mytilus and frog muscles. 

Summary 

1. The optimum temperature for tonic contraction in frog muscle 
is 20° C. and in Mytilus muscle 14-15° C. ; that for the alternating 
current contraction in frog muscle is 25-30° C. and in Mytilus muscle 
20° C. The optimum temperature varies with the composition of the 
saline. 

2. Two factors determine the excitability with change of temperature; 
one of these is adaptation. 

3. Decrease in temperature and tonic contractions diminish the rate 
of rise of tension during Ac. stimulation, the subsequent rate of relaxation 
and the rate of change of length on isotonic stretch and release. 

4. Normal tone requires oxygen. 

5. Most tome contractions produce an increase in the oxygen uptake. 

6. Stimulation with A.c. 12 V./10 sec./min. for 12 min. increases the 
oxygen uptake by 100%. 

7. Oxygen uptake is not increased during passive relaxation. 

8. Oxygen uptake is increased during inhibition produced by sodium 
and ammonium ions. 

9. Isotonic sodium chloride causes frog muscle to lose weight; 
calcium antagonizes this action. 

We wish to oxpress our sincere thanks to Lt.-Ool. S. S. Sokliev, I.M.S., Director, 
Haffkine Institute, for facilities provided. 
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The ends of the axon must be tied if the preparation is to be used for 
any considerable time, as tbe axoplasm flows out of the ends rather 
rapidly [Young, 1935], with accompanying loss of irritability. After tbe 
ends have been tied off there is a slow progressive loss of irritability away 
from the ends, without any great alteration of electrical characteristics. 
This provides a very convenient system for studies on the decrementing 
of action potentials and their transition into electrotonic waves. The 
branches which leave the giant axon also provide very convenient partial 
blocks for experiments on decremental and incremental conduction. 


Method of preparation 

The material used was fresh Loligo pealii, obtained at the Marine 
Biological Laboratory, Wood’s Hole, Mass., in August 1937. The nerves 
were usually dissected soon after the squid had been caught, although 
in some cases the animals were kept in the aquarium for one or two days 
before being used. The whole nerve was first dissected under a low -power 
microscope with transillumination through the muscles. Having been 
tied at the ends, it was removed from the body and soaked in sea water 
for a few minutes. If the giant axon was to be isolated the nerve was then 
fastened by its end ties to two pins and the small fibres, and as much as 
possible of the connective tissue around the axon, removed under sea 
water with iridectomy scissors and micro-foTceps. The teased fibre was 
then further washed in sea water before mounting. No apparent harm 
was done even by several hours of soaking. 

The moist chamber used was that illustrated in Fig, 1. It consisted 
of a brass plate upon which four brass strips were mounted edgewise so as 
to form a shallow box about 10 cm. wide, 12 cm. long and 2 cm. deep. The 
box was sealed by a glass cover stuck on with petroleum jelly, a glass 
plate being waxed into the bottom of the brass box to make it watertight 
and to prevent the nerve coming in contact with the brass. A small slot 
was milled in the bottom of the brass chamber to permit the nerve to be 
illuminated from below, and studs were fitted to the bottom of the 
chamber so that it might be attached to the stage of the microscope for 
close observations of the adjustment of the electrodes, and for measure- 
ments of birefringence. Large blotting-paper pads soaked with water 
were attached to the glass bottom plate to keep the interior of the 
chamber moist. 

Through opposite sides of the chamber four electrode rods were 
installed on sliding ball and socket joints in such a manner that there was 
freedom of movement of the electrodes, back and forward, about the 
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For study of the detailed mechanism of the nerve impulse it is necessary 
to be able to investigate the behaviour of single axons. It is possible to 
obtain records of the electrical responses and of the excitation character- 
istics of single nerve fibres in small nerve bundles by the technique of 
Blair & Erlanger [1933] or in teased single fibre preparations by the 
technique of Kato [1934] for medullated fibres and of Hodgkin [1938] and 
Ledingham & Scott [1938] for crustacean fibres. Yet these methods of 
isolation from a nerve trunk are always laborious and liable to alter the 
physiological state of the fibre. Certainly the techniques do not lend 
themselves easily to the correlation of excitation results with measure- 
ment of gross characteristics such as electric impedance, respiration, 
birefringence, and X-ray structure. 

The difficulty can be overcome by the use of the very large axons in 
the stellar nerves of the squid ( Loligo ) [Young , 1938; Pumphrey & 
Young, 1938], Here the giant axon constitutes over a quarter of the 
total volume of the nerve, being usually about 0-5 mm. in diameter in the 
longest stellar nerve of L. pealii. 

The threshold of the giant axon for electrical stimulation is so much 
lower than that of the other fibres and its response so dominates the total 
electrical response of the nerve that for many purposes it is unnecessary 
even to tease the giant fibre free of the surrounding smaller fibres; thus 
injuries due to manipulation are reduced to a minimum. With a little 
practice, however, it is possible to obtain preparations of the giant 
fibre teased free of smaller fibres and of much of its connective tissue 
investment and capable of conducting impulses for hours after dissection. 
Any observations made on the giant fibre after isolation can therefore be 
controlled by studying also its response in situ in the nerve. 
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electrode was not essential., while No. 36 B. and S. wires (0-127 mm.) 
vrere nsed when accurate position measurements were being made. 

The nerve or giant fibre was placed upon the electrodes^ so that it 
sagged slightly but definitely; in this position there was neither great 
tension on the fibre nor was it bent too acutely over the electrodes. Too 
sharp kinkin g was found to be surprisingly effective in damaging the 
nerve locallv. The ends of the nerve were usually supported by attaching 
the threads tying the ends of the nerve to small insulated hooks in the 
ends of the chamber. In experiments involving immersion of the nerve in 
saline, the nerve was simply lowered on to the floor of the chamber and a 
puddle of suitable dimensions built up on the waxed glass floor. 

The nerve chamber was unthermostated so that the temperature 
varied through fairly wide limits between various experiments, but in 
any one experiment was fairly constant as the temperature of the closed 
room changed only slowly. As temperatures tended to be high (approach- 
ing 38° C. in some cases) this factor must be considered before comparing 
these results with those obtained in the cooler climate of Plymouth, 
England. Later experiments, indicate, however, that the temperatures 
reached were not sufficiently high to alter the results seriously. 

Electrical technique 

Since all the experiments to be undertaken in this investigation 
required direct synchronization of the stimulus with the cathode-ray 
sweep, a modified version of the all-electric synchronizer [Schmitt, 1934] 
was used in conjunction with an improved thyratron stimulator and a 
cathode phase inversion high-gain amplifier, the whole being built into a 
compact relay rack unit to be easily portable. 

The synchronizer design permitted stimulation at any frequency from 
1 per min. to 1000 per sec., and also provided means for stimulation 
irregularly using a key or commutator. In all cases it permitted adjust- 
ment of sweep velocity completely independent of sweep frequency and 
also caused the stimulus to occur at a chosen point on the screen inde- 
pendent of sweep frequency and velocity. As this synchronizer unit also 
supplied energy to the cathode-ray unit, to the high level amplifier and to 
the stimulator, its operating potentials were gas discharge regulated to 
give high stability. 

The thyratron stimulator was of a new design which maintained the 
strength of shock constant independent of frequency of stimulation up to 
1000 per sec., although permitting adjustment of shock strength through 
a ratio of 100: 1 by means of a logarithmic T pad attenuator. A fine 
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axis of the rod, and free rotation about the ball joint. The electrode rods 
were of brass, but were insulated from the actual electrode wires by short 
bits of ebonite at their tips. This arrangement made it possible to move 
the electrodes even when high amplification was being used, as the 
electrode rods served only as mechanical members and were electrically 
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Fig. 1. Moist chamber. The moist chamber is made up of brass strips mounted edgewise on 
a brass bedplate, and has a glass floor and a removable glass cover. Four movable 
electrodes are fitted, the two upper ones for stimulation, the lower two for leading off; 
each is mounted through a sliding sleeve, and ball and socket joint to allow of free 
movement. Electrical insulation is internal to permit perfect shielding, thus making it 
possible to manipulate the electrodes with high amplification. Connexion with the elec- 
trodes is maintained through highly flexible phosphor bronze springs. The stimulating 
transformer and its reversing switch are mounted directly on the chamber to reduce 
capadtative troubles, and the whole chamber can be mounted directly on the dissecting 
microscope, illumination being provided through a slot milled in the brass bedplate. 
Humidity is maintained by blotters soaked in distilled water and stuck on the glass floor. 

earthed. Contact with the electrode wires was established through 
slender phosphor-bronze extension springs which communicated with 
terminals mounted in insulating bushings through the ends of the vessel. 

The electrodes themselves consisted of short pieces either of platinum 
or of chlorided silver wire fixed into the ebonite insulators. No. 22 B. and 
S. gauge (0-64 mm .) wires were used whenever sharp location of an 
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The -whole unit of photocell and amplifier -was then inserted into the draw 
tube of the microscope previously focussed on the nerve. The sensitivity 
of this unit -was such that it mould readily “see” a | W. neon tube at a 
distance of thirty feet without any light gathering lens system. 

Eesults 

The ordinary propagated action potential in the squid axon shown in 
Fig. 2 A has constants strikingly similar to those obtained from frog 
sciatic A fibres. The wave lasts about 1 msec., rises to its peak within 
about 250ftsec„ and travels with a velocity around 20 m./sec. in a 500 /x 
fibre at 20° C. The potential for the giant fibre when teased free averages 
about 45 mV. although it may increase to 65 mV . or more upon judicious 
drying of the fibre. In the unteased nerve, this potential is reduced 
by less than half, thus indicating the relatively large contribution of 
the giant axon to the total response. 

The response of the small fibres is of quite different order of magnitude 
from that of the giant fibre in speed of conduction, value of potential, and 
threshold (Fig. 2B), their conduction rate being of the order of 4 m./sec. 
and their threshold some 5-10 times higher than that of the giant fibre 
for a stimulus of minimal energy for the latter. There is therefore little 
chance of confusing the two responses and consequently the unteased 
nerves can be used in most experiments. 

The giant axon is capable of responding regularly to frequencies of 
stimulation up to about 480 per sec. at 25° C. although at this frequency 
the response diminishes within a few seconds and finally is no longer 
propagated. At 540 responses/sec. (Fig. 20) the nerve responds a few 
hundred times with near normal potential and then gives a rapidly de- 
creasing propagated response which passes discontinuously into the mere 
electrotonic response. In the figure the first heavy line indicates the 
initial response during which the camera shutter was opened but briefly 
and then reopened as the response began to fail. This failure is almost 
certainly due to progressively decreasing safety ratio in the nerve. 

The probability of a variable local response makes for a difficulty in terminology, since 
it makes ambiguous the term safety factor, ordinarily rather loosely defined us tbe excess 
fraction of exciting potential, present at a point on tbe membrane, to that which will just 
excite. With the possibility of a local partial response it becomes probable that each point 
on the nerve membrane may yield a response which varies not only with the current or 
voltage exciting it. hut also with the time sequence of the applied stimulus. Consequently, 
the term safety ratio has been used throughout this paper. It is defined as the ratio of the 
output of a unit area of membrane or a unit length of fibre to the lowest input excitation 
winch would, under the same conditions, produce an output equal to itself, these quantities 
ing expressed in terms of whatever variable is felt to be pertinent; thus, for example. 
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adjustment was also provided which furnished a constant proportional 
increment of 10 % at any setting of the main dial to permit accurate 
setting of shock strength. Usually shocks with a stimulating phase of 
40/j.sec. duration were employed, although they could be adjusted at will 
from about 20 to 200psec. 

Since most of the work was done with brief thyratron induction 
shocks, a shielded air-core transformer with very low capacitance to 
earth and between windings was mounted on the brass bedplate of the 
nerve chamber and was connected to the appropriate terminals by thin 
bare wires, thus rendering the artefacts due to capacitative leakage from 
the stimulating system practical ly nil for low-resistance squid nerve. 
A reversing switch was also mounted on the brass bedplate so that the 
transformer primary could be reversed without making asymmetric 
alterations of the connexions to the shielded cable supplying the stimu- 
lating transformer. 

The r.-c. coupled amplifier consisted of two moderate-gain pentode 
stages yielding 90-fold amplification each, followed by a low-gain (33- 
fold) high-level amplifier feeding the cathode-ray tube. If desired, an 
extra triode stage with a gain of 30 could be added between the second 
and the final stage. The first two stages were battery fed, while the last 
stages derived their power from the synchronizer filter. As cathode 
phase-inversion [Schmitt, 1938] was used in the last stage, there was 
little distortion even with large signals, so that the cathode-ray de- 
flexions could be used as a measure of input potential without correction. 
A push-pull circuit was not used throughout, as this would have increased 
both the cost and the battery current consumption of the unit prohibi- 
tively. The frequency characteristic of the amplifier was designed to be 
linear from 2 up to about 7500 c./sec., where it was arranged to out off 
sharply to avoid useless background noise at high amplification. Efforts 
were also made to prevent distortion due to partial blocking [Schmitt, 
1937] by large pulses so that the tails of potentials could be examined in 
detail even after rather large spikes. 

The leads to the amplifier were usually taken through short lengths 
of ordinary anticapacitance shielded cable, although, in cases where this 
slight capacitative load was considered undesirable, a very low capacitance 
head amplifier was brought into play and the nerve was laid directly on 
the silver chlorided tip of the acorn, head-amplifier valve which served 
primarily as an impedance changer rather than as an amplifier. 

For the experiments on birefringence, a sensitive photocell either of 
the photo-voltaic or of the gas type was fitted on to this head amplifier. 
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The whole unit of photocell and amplifier was thep inserted into the draw 
tube of the microscope previously focussed on the nerve. The sensitm y 
of this unit was such that it would readily “see” a | W. neon tube at a 
distance of thirty feet without any light gathering lens system. 

Results 

The ordinary propagated action potential in the squid axon shown in 
Fig. 2 A has constants strikingly similar to those obtained from frog 
sciatic A fibres. The wave lasts about 1 msec., rises to its peak within 
about 250psee., and travels with a velocity around 20 m./sec. in a 500p 
fibre at 20° C. The potential for the giant fibre when teased free averages 
about 45 mV. although it may increase to 65 mV . or more upon judicious 
drying of the fibre. In the unteased nerve, this potential is reduced 
by less than half, thus indicating the relatively large contribution of 
the giant axon to the total response. 

The response of the small fibres is of quite different order of magnitude 
from that of the giant fibre in speed of conduction, value of potential, and 
threshold (Fig. 2B), their conduction rate being of the order of 4 m./sec. 
and their threshold some 5-10 times higher than that of the giant fibre 
for a stimulus of minimal energy for the latter. There is therefore little 
chance of confusing the two responses and consequently the unteased 
nerves can be used in most experiments. 

The giant axon is capable of responding regularly to frequencies of 
stimulation up to about 480 per sec. at 25° C. although at this frequency 
the response diminishes within a few seconds and finally is no longer 
propagated. At 540 responses/sec. (Fig. 2C) the nerve responds a few 
hundred times with near normal potential and then gives a rapidly de- 
creasing propagated response which passes discontinuously into the mere 
elcctrotonic response. In the figure the first heavy line indicates the 
initial response during which the camera shutter was opened but briefly 
and then reopened as the response began to fail. This failure is almost 
certainly due to progressively decreasing safety ratio in the nerve. 

The probability of a variable local response makes for a difficulty in terminology, since 
it makes ambiguous tho torm safoty factor, ordinarily rather loosely defined aa the excess 
fraction of exciting potential, present at a point on the membrane, to that which will just 
excite. With tho possibility of a local partial response it becomes probable that each point 
on tho nerve membrane may yield a response which varies not only with the current or 
voltago exciting it, but also with tho timo sequence of the applied stimulus. Consequently, 
the term safety ratio has been used throughout this paper. It is defined as the ratio of the 
output of a unit area of membrane or a unit length of fibre to the lowest input excitation 
winch would, under the samo conditions, produce an output equal to itself, these quantities 
being expressed in terms of what over variable Is folt to be pertinent; thus, for example. 





B C 

Fig. 2 

A. Typical monophasic action potential. The action potential in this case travels at a 
velocity of 19*3 m./sec. at about 22 ° C. in a 490 p fibre and has characteristic constants 
very similar to those of large frog sciatic fibres. 

B. Separation of giant and small fibre responses. The small fibres conduct so slowly and 

contribute so little to the total action potential that they are very readily distinguished. 
With conduction distances of a few centimetres they become entirely separate in time. 
The threshold of the small fibres is so high that ordinary strengths of stimulation for the 
giant fibre do not excite the small fibres. 

C. High frequency response. The nerve is stimulated with adequate shocks at a frequency of 

540 per sec. and the response led off from a point a few millimetres from the stimulation. 
For the first few stimuli there is fall normal response (1), then for the next four stimuli 
there is a conducted response at progressively reduced potential and velocity (2). There 
then follows a local response which is propagated decrementally (3) and finally ti 
only the electrotonns travelling faster than even the first conducted action potenti 
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current, voltage, quantity of electric charge, energy, or even quantrty of chvmnl artwata 
can U used S^adL upon which of the numerous ideas of nerve conduction is h*M. 
A large value ofSety ratio leads to fast, positive conduction, whfle a reduction to less than 

nnitv means that the tissue is practicaDv inescitahle. _ , . ., 

i second unit, the propagation ratio, is also frequently useful. Itis defined amply at rtte 
ratio of output to input of an element of nerve fibre in any specified set of conditions. This 
quantity is unity for steady conduction, fractional for decremented conduction, and 
greater than unity for incremental conduction. 


Conduction velocity 



Fig. 3. The nerve is stimulated at a fired point (0-6 cm.) and the time at which the impulse 
reaches various points along the nerve plotted. Despite some 10 % taper in the nerve 
and despite passing a cut branch, there is little variation in the velocity. 


It might be supposed that the giving off of branches and the tapering 
of the giant avon might give rise to considerable variations in conduction 
velocity but in the uninjured nerve there is st riking constancy (Fig. 3), 
the velocity remaining constant within a very few percent along several 
centimetres despite a 10 % taper in diameter and a fairly large branch in 
the middle of the region. The measurements for the figure were made 
from a series of separate photographs taken as the electrodes were moved 
with the shock held accurately constant. This is not interpreted as 
indicating that conduction velocity is necessarily independent of diameter 
hut rather to prove the reasonable uniformity of conduction despite cut 
branches and irregular wettins. 

PH. VCVTTI. 
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Decremental potentials 

At the points where branches of the giant axon have been severed, the 
fibre becomes inexcitabie more rapidly than in the interve ning stretches, 


Hill 

12 3 4 5 



16 17 18 19 20 



Fig. 4, Bloc king of impulse at cut branch. 1—7. Lead ahead of cut branch. 8-11. Decre- 
mental conduction. 12—23. Electrotonus. Amplification increased at No. 18. 

and consequently if one chooses the proper time after dissection one can 
use the cut branch point as a convenient partial or total block without 
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the application of any external agency such as cold, drying, or polarizing 

current [Hodgkin, 1937]. . , , 

The •variations which the action potential undergoes in the vicinity 
of such a cut branch which has just sufficiently damaged the nerve to 
block conduction is illustrated in Pig. 4. The nerve is adequately stimu- 
lated far ahead of the cut branch and the series is taken as the recording 
electrode is moved from ahead of the branch to a point sufficiently beyond 
it for even the electrotonus to be very small. It will be seen that until the 
recording electrode reaches the damaged spot, the only distortion of the 
action potential is a kink which progresses from the tail up toward the 
crest of the wave. When the kink reaches the first point of inflection of 
the action potential, however, full propagation stops and there remains 
only a short region of decremental conduction followed by exponential 
decay typical of pure electrotonus. 

In Fig. 5 is shown a multiple exposure of the potential immediately 
beyond a partial block just as the nerve is becoming sufficiently damaged 
to prevent the passage of the propagated impulse. It will be noted that 
in the first response there is a rather large initial stimulating phase 
getting through the block aud that consequently the impulse goes on 
propagating with small delay. As the point becomes more nearly blocked, 
there is a very considerable delay before propagation occurs and finally 
there is no propagated impulse, but only the small electrotonic spread 
past the block. 

If the nerve, in the condition where it can no longer propagate 
through the block of itself, is helped by a cathodal shock in the vicinity of 
the block, it is found that the impnlse may still be “pushed ” through the 
block by a stimulating current far too small to stimulate through the 
block directly. Fig. Co represents the electrotonic impulse recorded be- 
yond a block when the normal impulse is flung up against the block, and 
6 b the response when it is helped through the block by a small locally 
added impulse. 

In the vicinity of a severed branch block which is just sufficient to 
prevent the passage of the impulse it is quite easy to demonstrate the 
gradual rather than sudden transition which takes place from propaga- 
tion to elcctrotonic spread. In Fig. 7, plotting the logarithms of the 
potential against the distance along the nerve, it is seen that the action 
potential comes practically undiminished to the point of injury (this 
point is only approximately marked) where it begins to decrease, but 
not until nearly 5 mm. beyond the block does it fall linearly on the 
logarithmic graph as truly electrotonic potentials usually do. This 

3—2 
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phenomenon is most readily explained on the basis of partial excitation; 
there being a region where the impnlse is partly sustained by local 
physiological activity. 



a b 

Fig. 6. Fig. 6. 

Fig. 6. Impulse pushing through partial block. Multiple records are made of the potential 
just beyond the partial block produced by a cut branoh as the block becomes complete. 
With a light block a large exciting phase is Been and consequently the propagating 
phase soon re-establishes itself. With increased block the exciting phase becomes 
smaller and earlier but is still followed by propagation at later and later times. Soon 
there is only decremental conduction beyond the block and eventually only electro- 
tonus. This process correlates closely with that illustrated in Fig. 2 C for artificially 
reduced safety ratio. 

Fig. 6. Stimulus assisting impulse through block, a. With a local injury just sufficient to 
block the propagated impulse started by a threshold stimulus the record a is obtained. 
The first peak represents shock escape and the second the exciting phase from the 
impulse, b. If the stimulus is now increased, its effect, despite its application several 
millimetres before the block, sums with the local action potential to re-establish propa- 
gation beyond the block resulting in the additional diphasic response in b. Tho delay in 
re-establishing propagation is very apparent. 


Perhaps a clearer, although less quantitative, demonstration of this 
phenomenon is seen in Fig. 8, where the normal progressive loss of 
excitability inward from each severed end of the nerve is used instead of 
a cut branch to give decremental conduction. The characteristic slow fall 
of potential preceding fully electrotonic conduction is seen in each case 
although, in the time which has elapsed between the two sets of records, 
the loss of irritability has progressed some 10 mm. up the nerve. 

As a control on the shape of the previous two curves, subthieshold 
stimuli were applied to a normal nerve, and the electrotonus read off at 
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various distances from the stimulating electrodes, with the result shown 
in Fig. 9. The potential fell away almost exactly exponentially from the 



Distance from stimulated point in cm . 


Fig. 7. IDecre mental conduction and electrotonus. The impulse travels down the on- 
injured portion of the nerve with constant peak potential. Upon reaching the injured 
region it decrements slowly as some local activity is present but then folia more rapidly 
along the log curve as only electrotonus persists. Distance for attenuation to 112, 
1-8S mm. to 1/e, 2-5 mm. Fibre diameter 490 p. 

start, there was in fact some tendency to fall more rapidly than ex- 
ponentially at first. 



V arbitrary units 


38 


F. 0. SCHMITT AND 0. H. SCHMITT 



Dig. 8. As the nerve dies progressively from the ends inward, the regions of decrement al 
propagation and of exponential decay move nearer the centre of the nerve. The shape 
of the curve relating log of peak potential to distance along the nerve and the expo- 
nential decay constant, however, remain constant. 



Tig. 9. Decay of electrotonus from subthreshold stimulation. A fresh nerve was stimulated 
with stimuli too small to evoke even local responses (about 0*3 threshold) and the 
electrotonus measured at various distances. The fall is exponential from the first. 
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LOCAE EXCITATION 

If Stimuli of near threshold strength axe applied to a squid giant fibre 
and the potential at various distances from the stimulating electrodes 
recorded, it will be found that as the distance from stimulator to pickup 
lead is decreased, the threshold becomes progressively less clearly de- 
fined. At relatively large distances, of the order of a centimetre or more. 



Fig. 10. Development of local potential. Curves 1, 2, and 3 represent diagrammaticslly the 
variation of peak potential with strength of stimulus in terms of threshold taken at 
positions progressively closer to the stimulating electrode. Close to the source of 
stimulus (3), pure physical response passes over into physiological response smoothlT 
and continuously. At great distances the response becomes practically all or nothing 
(l) with a definite threshold and a discontinuous rise. 

there is no appreciable gradation of response, the response arising in- 
stantaneously from a very small “electrotonic” potential to full action 
potential at a sharp threshold and then rising only minutely with stronger 
stimuli. On approaching within a few millimetres of the stimulus the 
gradation is more evident, there being a well-defined linear portion where 
the response is proportional to the stimulus, the purely electrotonic 
region, then a disproportionate rise leading up to a discontinuitT after 
which a slight but definite increase can again be obtained with stronger 
stimulation (curve (3), Fig. 10). 
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At a certain critical distance, depending upon the length constant of 
t e nerve and the safety ratio, there comes a time when the potential no 
longer increases discontinuously (curve 2). Still closer to the stimulus 
the initial rise of polarization is difficult to follow due to the reflected 



Fig. 11. Peak value of local response potential very olose to stimulating cathode for a 

nerve just unable to conduct. 

phase of the full-grown action potential from remote parts of the nerve 
but if the safety ratio of the nerve be reduced by drying or by aging, this 
looal phenomenon may be studied at leisure sinoe it is now impossible to 
start a propagated impulse, hence there can be no reflected wave. By 
this technique curves of the form shown in curve 3 are inferred for points 
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close to the stimulated region. There is first a linear rise 'of polarization 
proportional to the stimulus and consequently probably only passive, 
then an abrupt rise which is certainly the physiological local response, 
and finally a slow steady rise, nearly proportional again to the increase in 
stimulus, and probably due to the purely physical effects summed with a 
slight increase in local response due to the excitation of slightly more 
remote regions of nerve. Tig. 11 illustrates quantitatively this stimulus- 
response curve very close to the stimulating electrode in the case of a 
nerve just unable to respond. 



Fig. 12. Spatial distribution of potential. For stimuli of leas than threshold strength, the 
potential decrements rapidly although showing a tendency to decrementnl propagation 
when very near threshold. When even very slightly snperthreshold stimnli are applied, 
the potential quickly builds up to the normal propagating value. Very strong shocks 
increase the potential locally but it then decays with about the same space constant as 
do very weak shocks to the normal propagating level. As the curves are only qualita- 
tive, the distances marked indicate order of magnitude oniv. 

The spatial distribution of peak potential is illustrated diagrammatic- 
ally in Fig. 12 where peak potentials are plotted as a function of distance 
from the stimulus with strength of stimulus as a parameter. 

Actual photographic records of the sort of potentials which are 
measured for the construction of Fig. 12 are shown in Fig. 13 which is 
arranged to resemble Fig. 12, the four rows representing four typical 
strengths of stimulation; 4 threshold, just subthreshold, just threshold, 
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and super-threshold;, the columns representing distances from the 
stimulus of 1-8, 2-5, 4*8, 7-6, and 11-6 mm. respectively. 

A series illustrating the development of local potential in a good 
nerve near to the stimulating electrodes is given in Fig. 14. Here the 
rise of local potential and the re-entry from remote regions as decrement- 
less propagation sets in are clearly seen. The strengths are in terms of 
percent threshold. It is interesting to note that in nerves with reduced 


d 




12 3 4 5 

Fig. 13. Spatial distribution of local potential The records in rows a, i, c, and d represent 
the potentials resulting from shocks of super threshold, just threshold, just subthres- 
hold, and half threshold respectively. The figures in columns 1, 2, 3, 4, and 5 represent 
potentials recorded at distances of 1-8, 2-6, 4-8, 7-6, and 11-6 mm. respectively. 

safety ratio, there may be a region of a centimetre or more in which in- 
cremental or decremental conduction in all gradations may be produced 
simply by gradation of stimulation intensity. In such nerves the local 
physiological response beneath the stimulating electrode may be well into 
its falling phase before the re-entrant impulse appears. 

Because of the large dimensions of the squid nerve, it is possible to 
stimulate with transverse currents as a large potential drop can exist 
between the two sides of an axon without very large currents flowing. As 
this sort of stimulation tends to stimulate only a limited area of the 
nerve membrane, it probably sets up excitation in an irregular pattern 
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Effect of activity on the birefringence of the a yon 1 


The axon of a fresh, squid giant fibre shows weak birefr ing ence which, 
like most structures composed of oriented protein fibrils, is positive with 
respect to the long axis of the fibre. The axon birefringence has been 
shown to be due largely to form birefringence arising from the presence 
of a very low concentration of oriented submicroscopio protein rodlets 
[Bear, Schmitt & Young, 1937]. 

To test the possibility that the propagation of the action potential 
involves a transitory change in orientation of axoplasm constituents, a 
sensitive photoelectric method was devised which is capable of recording 
extremely small changes in birefringence, such as would result from 
changes in orientation of the axoplasm proteins, without appreciable 
time lag. With an intense light source and an ordinary ocular in the 
draw tube of the polarizing microscope the giant fibre was brought into 
focus between crossed Nicol prisms, the long axis of the fibre being 
oriented at 45° to the planes of polarization of the Nicol prisms. With 
suitable objective the axon could be made to cover the entire field, thus 
increasing the sensitivity. Experiments were also done after partial 
compensation of the fibre birefringence with a suitable compensator. 
The ocular was then removed and the photocell with amplifier inserted 
into the draw tube of the microscope. Calibration of the system showed 
that with full usable amplification a change of 000025 % of the light 
intensity incident on the photocell could be detected on the oscillograph 
provided the change occurred slowly. If the change occurred in 0T mseo. 
the sensitivity was halved. Assuming that the fibre thickness does not 
change appreciably during passage of the impulse these figures express 


also the minimal change in retardation and of birefringence which 
could have been detected. Since the cathode-ray sweep was synchro- 
nized with the stimulus, any change in birefringence lasting more than 
20psec. would be recorded as a standing pattern on the cathode ray tube 
as the nerve was stimulated repetitively. 

Although the experiment was tried under a variety of conditions, no 
change in birefringence could be discovered either in the initial, rapid 
phases of the action potential or in the late recovery phases. It is of 
course still possible that changes in birefringence do accompany the 
active process but the present experiments set an upper limit to the 
magnitude p*'"' " ~<cocess if it does occur. For the rapid phase the change 
cannot be^ -2 % of the initial birefringence, and for slow 
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recovers processes tier cannot be more than 0-0S %- Since, as ^vas 
pointed out [Bear ci d. 1937], the birefringence of the axon is dne to 
onlv a Terr small fraction of axon constituents, and since very small 
changes in this birefringence eoold have been detected in the present 
experiments, it is unlikely that impulse propagation involves any 
appreciable change in the configuration of the oriented components of the 
axon. 

Disccssiox 

Prom the continuous way in which the “ propagation phenomena in 
squid fibre merge with the properties commonly termed electrotonic , 
there seems little likelihood that these classifications are fundamentally 
distinsuishable. TTsuallv the distinction between these tvro categories 
is given as the presence or absence of ‘‘local physiological activity at 
the nerve membrane. This criterion is perfectly satisfactory in the cases 
of verv subthreshold stimulation or of definitely adequate stimulation, 
but there is undoubtedlv a middle rone where propagation may start 
electrotonically or propagation degenerate into electrotonus. 

So far there is no crucial experiment to decide definitely whether an 
element of nerve membrane can respond partially or whether it must 
respond all or none, yet it is certain that a nerve fibre, as a whole, can 
exhibit partial responses. 

One experiment which is rather convincingly in favour of local partial 
excitation is that in which a fibre, in a uniformly depressed state, is 
stimulated with near threshold stimuli and the response is found to in- 
crement or decrement only very slowly over a considerable length of nerve 
and can be made to conduct at a wide variety of potential levels. It may 
he argued that there is a mosaic structure with varying thresholds at 
various points, thus resulting in a distribution of local thresholds. If 
the mosaic structure is fine, however, as it is likely to be, this distribution 
of thresholds would be indistinguishable from a smoothlv variable 
response and may properly be treated as such. In any event, more spe ci fic 
data must be obtained relating directly to the problem before a valid 
conclusion can he drawn. 

SrsniiET 

1. The action potentials from giant axons of the squid, both teased 
and in their nerve trank are examined and shown to be verv suitable for 
single fibre experiments, conduction velocities being about 20 m./sec. at 
22' C. and the potential from the single giant axon, 40 mV. or more. 

2. The nerve preparation (by frequent stimulation or bv drving) can 
be placed in a state of reversible reduced safetv ratio to permit easv 
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observation of local potential. Convenient partial blocks are provided at 
places where branches are cat off and the fibre also dies gradually and 
progressively from the ends inward, thus providing a natural killed lead 
and a place for measuring purely electrotonic effects. 

3. Partial excitation is demonstrated in three ways: (a) by the decre- 
mental rather than electrotonic decrease of potential beyond a partial 
block just sufficient to stop propagation, ( b ) by incremental and decre- 
mental conduction in the vicinity of an electrode providing near threshold 
shocks, (c) by non-linear responses from a nerve much too depressed to 
conduct. 

4. Temporal and spatial distributions of potential with intensity of 
shock as a parameter are illustrated. 

5. Transverse stimulation of the squid nerve is demonstrated. 

6. No change in birefringence was detected in the axis cylinder of 
squid giant fibres either in the initial fast phase of the potential response 
or in the slow recovery phases, although the sensitivity of the method was 
such as to be capable of revealing changes of the order of 0-1 % of the 
birefringence of the resting axon. 

7. The evidence suggests that the local response, even of small 
elements of nerve, is graded rather than all or none. 

8. Two unite of local activity termed the “safety ratio ” and “propa- 
gation ratio ” are defined. These are useful for quantitative description of 
the activity of a nerve element irrespective of the theory of conduction 
held. 

We should like to thank Dr J. Z. Young and Dr Bernhard Katz for reading the SIS. 
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CORRELATION OF LOCAL EXCITABILITY WITH 
LOCAL PHYSIOLOGICAL RESPONSE IN THE 
GIANT AXON OF THE SQUID ( LOL1GO ) 

By R. J. PUMPHREY, 1 
Department of Zoology, Cambridge University, 

OTTO H. SCHMITT * 

Department of Physiology, University College, London, 
and J. Z. YOUNG 3 

Department of Zoology and Comparative Anatomy, Oxford 
(Received 1 August 1939) 

The passage of an electric current through part of a nerve produces local 
changes in the state of the fibres even though the current is too small to set 
up a propagated nerve impulse. Of these changes the most interesting for 
the elucidation of the mechanism of the nerve impulse are (1) the changes 
in excitability [see especially Katz, 1937; Erlanger & Gasser, 1937] and 
(2) the changes in electrical potential "which occur in the fibres close to the 
electrode through "which the conditioning current is applied [Hodgkin, 
1937, 1938; Ledingham & Scott, 1938; Schmitt & Schmitt, 1940]. 

It has been suggested that the variations in excitability can be 
correlated with local electrical potential changes in the fibres. But the 
changes in excitability and the changes in potential have never been 
studied side by side in the same preparation. Indeed the only previous 
observations of the effect of a subthreshold shock on the local potential 
produced by a subsequent shock are those of Hodgkin [1938] on the 
local potentials produced during repetitive stimulation. Excitability 
changes have been followed chiefly in bundles of medullated fibres in 
frog’s nerve, but since it has not been possible to work with single verte- 
brate fibres the local potentials have been studied mostly in crab or squid 
nerve. 

1 Beit Memorial Research Fellow. * National Research Fellow. 

* Fellow of Magdalen College, Oxford. 
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By following these changes in excitability and in local potential con- 
currently in single squid nerve fibres we have been able to show that the 
early divergence of the time course of exoitabihty from that to be 
expected from the classical picture of the s umm ation of electrotonic 
potentials can be explained as due to an additional contribution at the 
expense of the potential energy of the fibre itself. This contribution has 
been called the local response [Katz, 1937; Hodgkin, 1937]. Moreover, 
since the excitability curves which we have found for the squid are 
essentially similar to those deduced theoretically by Rushton [1937] and 
found for medullated. fibres by Katz, the probability is greatly strength- 
ened that the initiation of the nerve impulse is essentially similar in all 
nerves. 

The method has been to study the changes in excitability at a parti- 
cular point on the nerve fibre at various times after the application of 
cathodal and anodal conditioning stimuli, and to compare these changes 
directly with the form of the local responses following the shocks. In 
order to reduce the number of variable factors, we have confined our 
attention to the effects of “instantaneous ” stimuli of a duration of about 
25psec. 

Definitions 

When a recording electrode is placed close to the electrode through 
which a conditioning stimulus is applied to a nerve fibre, potential 
changes of two types occur: (1) A physical response (polarization process, 
Hodgkin [1938], production and decay of electrotonic potential). This 
response is obtained whether the stimulus is cathodal or anodal. It 
outlasts the duration of the stimulus because the charge deposited on the 
membrane takes an appreciable time to leak away. (2) When the con- 
ditioning electrode is a cathode there develops as the stimulus approaches 
threshold a physiological response (local response, Hodgkin), viz. a 
potential change in addition to the physical response, and resulting 
therefore from local activation of the excitable mechanism of the fibre. 
The net local potential is then the resultant of these when both are 
present. 

Biological technique 

The animals used were Loligo forbesi, obtained at the Laboratory of 
the Marine Biological Station at Plymouth, to whose Director and Staff 
we are most grateful for their willing assistance. 

Whole stellar nerves were dissected immediately after killing the 
animals, and after brief soaking in sea water were suspended in a moist 
chamber. The responses of the giant axons were usually examined with- 
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out dissecting the fibres from the nerve trunk, since dissection often 

leads to abnormal conditions in the fibre. 

The moist chamber used was substantially identical with that de- 
scribed in the previous paper [Schmitt & Schmitt, 1940], with the single 
change that the vessel was suspended vertically. The nerve was thus 
suspended by its end and was only held to the electrodes by surface 
tension instead of lying over them. Platinized platinum electrodes were 
used throughout to minimiz e polarization at the electrodes. 

Electric technique 

The cathode-ray oscillograph equipment and synchronizer uBed were 
essentially the same as those described by Schmitt & Schmitt [1940]. In 
order to improve the cathode-ray image a large (150 mm.) 3-anode 
cathode-ray tube was used with 2300"V. accelerating potential and a 
differentiator type automatic brilliancy control. This arrangement pro- 
vided bright imageB in which the upstrokes of action potentials were kept 
of equal brilliancy with the cross lines, thus greatly facilitating photo- 
graphic recording. 

The stimulators were almost identical in design with the one pre- 
viously used. The two stimulator units were independently powered, so 
as to permit reversal of stimulation polarity and to obtain complete inde- 
pendence of the strengths of the two stimuli. 1 

Independent synchronization controls were provided, so that the two 
shocks could be timed separately and either could precede the other in 
firing sequence. In experiments where both stimuli were fed through 
common leads, care was taken to prevent interaction of the two intensity 
controls. By the use of appropriate II and T section pads this interaction 
was reduced to approximately 1 % in the most extreme cases, this error 
being compensated for in the one or two cases where it could be detected. 
The intensity of stimulus from either stimulator, as indicated both by 
threshold measurements and by direct ballistic tests, was constant and 
reproducible to about 0 - 15 % over a short time, aud calibrations re- 
mained constant to about 2 % during the whole series of experiments. 
As in the previous experiments, a long-range logarithmic dial gave the 
basic adjustment of shock intensity and a short proportional dial gave 
increments up to +10 %. 

1 The oscillographic equipment need in this research -was generously loaned by the 
Department of Zoology, Cambridge University, and the Department of Physiology, 
University College, London. 

FH. XCV11I. 
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Pure condenser discharge stimuli were used, except in a few cases 
where an earthed stimulating electrode was undesirable. Then the 
stimulator was coupled to the preparation by an air-cored transformer of 
low distributed capacitance (National Company OSR oscillator coil), or 
by a small iron-cored transformer. 

The amplifier was of the cathode phase inversion type (Schmitt 
[1938]), push-pull throughout. With three stages of phase inversion, the 
differential ratio was approximately 7000 : 1 at all gains, even with large 
fractions of a volt input, so that stimulation artefact was negligible. 
When accurate measurement of the shock time was required, some 
ourrent from the stimulator circuit was introduced directly into the 
amplifier. 

Experimental results 

(1) General course of the excitability changes and their 
relation to the local response 

If a fresh fibre in good condition is subjected to a cathodal sub- 
threshold conditioning shock, then the threshold near the point of 
application is lowered at all subsequent times at which any effect can be 
detected (Fig. 1 (a)) except for a possible very slight acoomodative effect. 
However, in older preparations, and particularly if the fibre has been 
frequently and strongly stimulated, it can be observed that a just sub- 
threshold conditioning shock renders the fibre at first more but later less 
excitable than it was in the resting condition (Fig. 1 ( b )). There is, there- 
fore, in these latter preparations, a local relative refractory period following 
a conditioning shock. 

In the preparations which show this local refractory period the local 
action potential following a just subthresold conditioning shock diverges 
very widely from the form of the simple physical response. This indicates 
that partial excitation has occurred over a relatively great length of nerve 
without passing over into the propagated action potential. The subse- 
quent decrease in excitability which is found to follow such a conditioning 
shock is therefore to be attributed to the presence of a refractory con- 
dition in the section of the fibre in which a local physiological response 
has occurred. 

(2) Refractory period of the local response 

Records such as those of Fig. 11 c-f show that there is indeed, in 
such fibres, a period after the application of a conditioning shock during 
which the test shock produces little or no physiological response from the 
fibre. There is, in fact, a refractory period of the local response. 
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The appearance of a period of lowered excitability foiloxring a sub- 
threshold conditioning shock therefore depends on a balance between the 



Fig. I. Time course of excitability (a) in a fresh squid fibre, (6) in one shoeing a local 
relative refractory period. Three separate series of observations are plotted in (6) 
to indicate the reproducibility of the phenomenon. 

safety ratio of tbe fibre [Schmitt & Schmitt, 1940], its length constant 
[Rushton, 1927 , 1934] and the duration of the local refractory period. The 

4—2 



Cathodal 


3. Comparison of cathodal and anoda] polarizations. Each record is a doable ex- 
posure composed of the response of the nerve at the stimulating electrode to an anodal 
and to an equal cathodal stimulus. Percentages refer to strength of stimulus in terms 
of threshold. To stimuli of less than half threshold (a and V) there is no appreciable 
difference between the forms of anodal and cathodal responses, but noth stronger 
stimuli (c, d, e, f) the cathodal response rises rapidly and assumes the characteristic 
form of the local action potential. In record g, the responses to four strengths of anodal 
and cathodal stimuli are superimposed. The 55 % threshold ! stimuli give similar re- 
spouses anodally and cathodally, but the 87, 97 and 100 % e ^° c ^ s g'Z? 
cathodal responses but practically superimposed ones anrttUy The double cathode 
respoLforlOO % are due to minute variations of threshold, each cathodal and anodal 
record being a double trace to check constancy. 
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local refractory period will appear when the safety ratio is low, and con- 
sequently a long region of nerve must be excited to produce enough 
physiological response to propagate. When such a nerve is conditioned 
with a stimulus nearly strong enough to excite, a long region is caused to 
give its physiological response. Once this region has ceased to be active 
and is still in its refractory period, a cathodal stimulus to be effective 
must now excite beyond this refractory region, and must consequently be 
of great strength. 

On the other hand in a fresh fibre the safety ratio is high, so that a 
propagated impulse results from excitation of a very short length of 
nerve. A subthreshold shock, therefore, can only excite physiological 
response over a still shorter length, and the test shock can be made to 
reach out over this length without appreciable increment in strength. 
For example, in the nerve from which Fig. 2 was obtained there would be 
no appreciable hypoexcitability, since here a small fraction of an ana- 
lytical unit of length can contribute enough local activity to propagate, 
and the total range of stimulus strength over which the purely physical 
response changes to the full-fledged action potential is barely enough to be 
noticeable when applied anodally under identical conditions (see Fig. 3). 

The appearance of a period of lowered excitability following a condi- 
tioning shock is not necessarily dependent on any irreversible deteriora- 
tion of the fibre. In the experiment shown in Fig. 4 the excitability cycle 
was first tested and the fibre then stimulated at 60 times threshold 
strength 100 times per sec. for 15 sec. On retesting 3 min. after this 
treatment it was found that a refractory state now followed the con- 
ditioning stimulus, and was so pronounced that a stimulus of more than 
three times the threshold intensity was required to stimulate when 
applied 1 msec, after a conditioning shock of 80 % threshold. Testing at 
subsequent times showed that the refractoriness then gradually passed 
away, until after half an hour the fibre bad returned almost to its original 
condition, though a slight local relative refractory period could still be 
detected. 

To determine the spatial distribution of this artificially induced local 
refractoriness, a nerve fibre was treated as in Fig. 4, but instead of allow- 
ing spontaneous recovery to occur, the local refractoriness in the vicinity 
of the tetanization was determined as quickly as possible. As is seen in 
Fig. 5, the refractoriness decreased on passing beyond the region to which 
the tetanus had been applied. 

The condition of reduced excitability becomes more marked as the 
conditioning stimulus approaches threshold strength (Fig. 6). There is. 
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however, usually a certain critical time after stimulation at which no 
effect on the excitability is produced, whatever the strength of the con- 
ditioning stimulus. Thus in Fig. 6 a test stimulus placed at T2 msec. 



Fig. 4. Local refractory period (temporal variation). The excitability curve of a normal 
squid axon was first tested and found to be as in the curve marked “normal”. The 
fibre was then stimulated at 60 times threshold strength, 100 times a second for 
15 sec. and the excitability curves taken again 3, 0, 18 and 30 min. afterwards. The 
local refractory period is at first very pronounced but the nerve gradually recovers 
until it reaches almost to the original condition. 

finds a constant threshold despite a wide variation in the strength of the 
conditioning shock. This apparently implies that the state of reduced 
excitability, whatever its nature, runs its course in close step with the 
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ditioning shock. 



Pig. 6. Local refractory period (spatial variation). After the safety ratio of a nerve has "been 
reduced locally by overstimulation, the local refractoriness becomes very marked in the 
vicinity of the injury and decreases gradually as more remote points are tested. Two 
mm. from the point of injury the threshold to a test shock remained more than 4-5 
times the resting threshold from 0'5 until 2-5 mseo. after a 94 % conditioning stimulus. 


The ’wide variation of the local response with change in the strength 
of the conditioning stimulus is illustrated in Fig. 7. Here two cathodal 
impulses were applied at a little longer than the critical interval (almost 
exactly 1 msec, in this case), and the test stimulus set to just threshold 
strength, with the resultant propagated action potential of record u. As 
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the conditioning stimulus was increased in the records b-e the local 
response to the second stimulus was seen to decrease progressively as 
physiological response is taken over by the conditioning stimulus, 
although the net total local response remains approximately constant. 
At f an action potential is seen to occur, but by now the conditioning 
_ stimulus has reached threshold, and is adequate to excite on its own. 



Fig. 0. In axons with low safety ratio, a time interval is often found at which any subthres- 
hold conditioning stimulus has very little effect on the threshold for the test stimulus. 
In this case the interval was about 1-2 mseo. 


Record g is included to show the local response in the refractory period 
following a propagated action potential. It will be seen by comparison 
with record e that the second response is similarly depressed by an ade- 
quate and by a just subthreshold conditioning stimulus. 

(3) Other changes of excitability at long periods after a conditioning shock 

Following the local refractory period after a subthreshold conditioning 
shock (or the return to unit excitability if no refractory period is de- 
tectable), there is often a second period of raised excitability. This local 
supernormal period may last for several tenths of a second, but the 
change of threshold is only very small, and the phenomenon has not 
been further investigated during the present work. 
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Another slow change in excitability which can be observed is a 
hyperexcitability 1-20 msec, after an anodal conditioning Bhock. This 
partly associated with the slowly disappearing back polamation pro- 
duced by the stimulus (accommodation, see p. 64 and Kg. lie), and is 



<7 0*92 msec. 


Fig. 7. Local action potential at unit excitability point. Tito stimuli are applied to a nerve 
with low safety ratio at about the time interval for unit excitability (co. 1-2 msec, in 
Fig. 6, 1*0 msec, in this nerve). The test shock is made just threshold and the con- 
ditioning shock varied from well below to just threshold. With weak conditioning 
(a and b) there is only a physical response to the conditioning stimulus, but tho large 
local physiological response to the test stimulus causes (a) or nearly causes (6) excita- 
tion. With progressively stronger conditioning stimuli (c, d, e), the conditioner elicits 
an increasingly large local physiological response, and the test shock falling in the 
local refractory period can contribute only physical response. In / a response oocutb 
but only because the conditioner has now reached threshold strength. Record g is 
included to permit direct comparison of the local response during the local refractory 
period in records a-/ with the local response during the refractory period following 
adequate stimulation, 

partly au electrode phenomenon, for it can be reduced by tbe use of 
separate electrodes for test and conditioning stimuli, or by careful black- 
ing of common electrodes. 
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(4) Excitability changes during the early summation period 

In order to make the knowledge of the process of excitation in the 
squid comparable with that revealed by the investigations of Gasser, 
Erlanger, Katz and others on frog and Oardnus nerves and other tissues 
it was essential to make an especially careful survey of the summation 
effects of two shocks delivered less than 1 msec, apart. A parametric 
plotting scheme similar to that used by Katz [1937J was employed, bntit 
was felt that no advantage was gained by introducing the abstract 
“amount of excitatory state”. Instead, the directly measured intensity 
of stimulation was plotted, this quantity being taken as proportional to 
the peak potential of the stimulating impulse, which was maintained of 
constant potential wave form. 

The results of this survey are given in Fig. 8. The curves in the upper 
section refer to experiments with subthreshold conditioning shocks of the 
fractional strength indicated on each curve, while those below refer to 
experiments with superthreshold conditioning shocks followed by anodal 
test shocks. Any one curve then gives the strength (anodal or cathodal) of 
a test shock which must be applied at the time given by the abscissa after 
the conditioning shock to just bring about or just fail to bring about 
excitation of a propagated impulse. In all oases, the pairs of stimuli were 
applied in a regular sequence about once per second, so that slow changes 
of excitability would be rendered unimportant. Before recording a 
strength a setting was found at which the preparation always just pro- 
duced or just failed to produce a propagated impulse, thus avoiding the 
considerable changes of threshold sometimes brought about by excitation 
itself. Experiments with anodal conditioning shocks are not plotted as 
they are of less interest, although the behaviour in this case can be in- 
ferred from the curves shown later for spatially separated stimulation 
(Fig. 12). 

It will be observed that in all cases where a conditioning shock less 
than about half threshold was used, summation decreased in an approxi- 
mately exponential way, as would be predicted from the electrical theory 
of leaky cables. With conditioning shocks of more than 50 % but less 
than threshold strength, this exponential decay gradually became more 
and more modified, until by 90 % of threshold a prolonged convexity 
became evident, indicating a considerable retention of activity which 
lasts for nearly half a millisecond. 

With superthreshold conditioning stimuli it was found that shocks 
only slightly in excess of threshold could be prevented from causing a 



EXCITABILITY AND RESPONSE IN GIANT AXON 


59 


nrouaeated wave by anodal shocks applied during the first half mffli- 
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Fig. 8. Excitability of squid giant axon. The percentages marked beside the several corves 
refer to the strength of the cathodal conditioning stimulus relative to resting threshold. 
Ordinates indicate the strength of test shock which will just allow an impulse to propa- 
gate. Negative ordinates indicate in terms of threshold for cathodal stimuli the anodal 
stimulus required to prevent propagation. 

shocks stronger than about 1-5 times threshold an impulse could be 
inhibited only during the first few microseconds after application of the 
conditioning shock, and then only by very strong anodal test shocks. It 
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must also be remembered that for times shorter than 25psec. the two 
stimuli overlapped, and thus tended to cancel electrically. 

To permit direct comparison' of these results with those obtained by 
Katz on frog nerve, his data have been re-plotted on the same coordinates 



Fig. 9. Excitability of fro g Bctiatio nerve Data of Katz [1937] re plotted to allow direct 

comparison with Fig. 8 


as ours in Fig. 9. The similarity is unmistakable. It is interesting that the 
absolute time constants are very nearly equal for both tissues, a result 
which might be expected from the similarity of the velocities of propaga- 
tion and length constants in the two cases. 
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(6) Potential changes during the early summation period 

To coordinate the excitability data with the local responses, series of 
records such as that shown in Fig. 10 were obtained. First it must be 
noted that the local potential produced by a just subthreshold stimulus 
lasts for approximately 1 msec. (Fig. 10a), which is about the period 
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during which the threshold for a second shock is found to be lowered. The 
series b—l of Fig. 10 shows the behaviour of the local potential recorded 
at a short distance from the stimulating electrode when two slightly sub- 
threshold shocks of approximately equal strengths are applied at various 
time intervals. With a long interval between the shocks in record b, a pair 
of completely separated typical (physiological) responses occurs. As the 
second impulse approaches closer in time to the first in records c and d, 
the second local response is seen to diminish markedly and to change shape 
towards the condition found in record e, which can be shown by compari- 
son with the effect of an anodal stimulus of similar strength (j) to represent 
the physical response alone. 

In record f of Fig. 10 we come to the steep part of the summation 
region of Fig. 8, and correspondingly the second stimulus occurs whilo the 
local response to the first stimulus is still developing. Under these 
conditions the second stimulus evokes additional local response, whioh 
becomes greater and greater in g and h, and in i is distinctly greater than 
the sum of the original two local responses. This again is what would be 
expected from the non-linear relation between stimulus strength and 
magnitude of the net local response (see Fig. 2). It should be remembered 
that the time courses of changes of excitability and of accompanying 
local aotivity would not be expected either on theoretical or on experi- 
mental grounds [Katz & Schmitt, 1940] to correspond identically. 

The records j-n correspond to points in the lower half of Fig. 8 and 
illustrate the summation of a just subthreshold cathodal stimulus with an 
anodal impulse of equal strength subsequently applied. As would be 
anticipated from Fig. 8, anodal impulses applied after the interval when 
summation is nearly perfect have little or no effect on the response 
(records j and Jc). During the early part of the summation period, an 
anodal pulse cannot remove the local physiological activity already 
started by the cathodal impulse, but prevents this local activity from 
exciting further regions. If the anodal stimulus is applied before the 
cathodal, or before the local response has got beyond the “physical ” state, 
however (record n), the spread of local activity can be stopped completely 
even though the conditioning shock be considerably above threshold. 

The events which accompany local summation and anti-summation of 
two equal stimuli at the stimulating electrode are illustrated in Fig. 11. 
In record o a propagated response is obtained to the test stimulus because 
the latter falls in the supernormal period. In b the test stimulus falls 
in a period of slight depression of excitability. Records c—f again 
show, as in Fig. 10, the gradual loss of physiological local response to a 



m 


n 


o 


P 




Period of time 
Signal 0 93 msec. 


9 


r 


s 


Dig. 11, Local action potential Elimination near stimulating electrode. In records a~h 
two approximately equal, just subthreahold cathodal stimuli are applied to the nerve 
through a common electrode at varying time intervals and the resulting potentials 
recorded xrithin 0*5 mm. of (ho stimulating e/eefrode. At the long interval of a, the test 
stimulus finds the tissue supernormal so that a propagated response is initiated. As 
the interval is progressively decreased in b, r, rf, and e, the test stimulus come3 more 
and more into the local refractory period and consequently loses local physiological 
activity and assumes the form of the purely physical response. In/, g, and h the test 
stimulus is in the summation interval and so sums physically with the conditioning 
stimulus, resulting in a propagated response in A. In records i-r the conditioner is a 
cathodal shock of just subthreshold strength but the test shock is anodaL While the 
anodal impulse is outside the summation interval (i, j, t, l ) the response is merely the 
algebraic sum of the two impulses separately. During the summation interval (m and 
n) the anodal impulse not only subtracts physically from the local potential present, 
but also prevents the development of further local physiological aotivity after it 3 
application. In o and p it precedes the cathodal impulse and no local physiological 
activity starts. Applied still earlier the anodal shock may have no effect (g), due to 
equal summation and accommodative effects, or if early enough it may facilitate the 
cathodal impulse sufficiently to yield a response (r). 
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during which the threshold for a second shock is found to he lowered. 1 
series 6-4 of Pig. 10 shows the behaviour of the local potential recor 
at a short distance from the stimulating electrode when two slightly s 
threshold shocks of approximately equal strengths are applied at vari 
time intervals. With a long interval between the shocks in record h, a j 
of completely separated typical (physiological) responses occurs. As 
second impulse approaches closer in time to the first in records c anc 
the second local response is seen to diminish markedly and to change shi 
towards the condition found in record e, which can be shown by compi 
son with the effect of an anodal stimulus of similar strength (j) to repres 
the physical response alone. 

In record / of Fig. 10 we come to the steep part of the summat 
region of Fig. 8, and correspondingly the second stimulus occurs while 1 
local response to the first stimulus is still developing. Under th 
conditions the second stimulus evokes additional local response, wfi 
becomes greater and greater in g and h, and in i is distinctly greater tt 
the sum of the original two local responses. This again is what would 
expected from the non-linear relation between stimulus strength a 
magnitude of the net local response (see Fig. 2). It should be remembei 
that the time courses of changes of excitability and of accompanyi 
local activity would not be expected either on theoretical or on expe 
mental grounds [Katz & Schmitt, 1940] to correspond identically. 

The records j—n correspond to points in the lower half of Fig. 8 a 
illustrate the summation of a just subthreshold cathodal stimulus with 
anodal impulse of equal strength subsequently applied. As would 
anticipated from Fig. 8, anodal impulses applied after the interval wh 
summation is nearly perfect have little or no effect on the respon 
(records j and k). During the early part of the summation period, 1 
anodal pulse cannot remove the local physiological activity alrea< 
started by the cathodal impulse, but prevents this local activity fro 
exciting further regions. If the anodal stimulus is applied before tJ 
cathodal, or before the local response has got beyond the “physical ” stat 
however (record n), the spread of local activity can be stopped complete 
even though the conditioning shock be considerably above threshold. 

The events which accompany local summation and anti-summation i 
two equal stimuli at the stimulating electrode are illustrated in Fig. 1 
In record a a propagated response is obtained to the test stimulus becatu 
the latter falls in the supernormal period. In h the test stimulus fa 1 
in a period of slight depression of excitability. Kecords c-f agai 
show, as in Fig. 10, the gradual loss of physiological local response to 
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during which, the threshold for a second shock is found to be lowered. The 
series b-l of Fig. 10 shows the behaviour of the local potential recorded 
at a short distance from the stimulating electrode when two slightly sub- 
threshold shocks of approximately equal strengths are applied at various 
time intervals. With a long interval between the shocks in record h, a pair 
of completely separated typical (physiological) responses occurs. As the 
second impulse approaches closer in time to the first in records c and d, 
the second local response is seen to diminish markedly and to change shape 
towards the condition found in record e, which can be shown by compari- 
son with the effect of an anodal stimulus of similar strength (j) to represent 
the physical response alone. 

In record / of Fig. 10 we come to the steep part of the summation 
region of Fig. 8, and correspondingly the second stimulus occurs while the 
local response to the first stimulus is still developing. Under these 
conditions the second stimulus evokes additional local response, which 
becomes greater and greater in g and h, and in i is distinctly greater than 
the sum of the original two local responses. This again is what would he 
expected from the non-linear relation between stimulus strength and 
magnitude of the net local response (see Fig. 2). It should be remembered 
that the time courses of changes of excitability and of accompanying 
local activity would not be expected either on theoretical or on experi- 
mental grounds [Katz & Schmitt, 1940] to correspond identically. 

The records j-n correspond to points in the lower half of Fig. 8 and 
illustrate the summation of a just subthreshold cathodal stimulus with an 
anodal impulse of equal strength subsequently applied. As would be 
anticipated from Fig. 8, anodal impulses applied after the interval when 
summation is nearly perfect have little or no effect on the response 
(records j and A). During the early part of the summation period, an 
anodal pulse cannot remove the local physiological activity already 
started by the cathodal impulse, but prevents this local activity from 
exciting further regions. If the anodal stimulus is applied before the 
cathodal, or before the local response has got beyond the “physical ” state, 
however (record n), the spread of local activity can be stopped completely 
even though the conditioning shock be considerably above threshold. 

The events which accompany local summation and anti-summation of 
two equal s tim uli at the stimulating electrode are illustrated in Fig. 11. 
In record a a propagated response is obtained to the test stimulus because 
the latter falls in the supernormal period. In b the test stimulus falls 
in. a period of slight depression of excitability. Records c-f again 
show, as in Fig. 10, the gradual loss of physiological local response to a 
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Fig. 11. Local action potential summation near stimulating electrode. In records a~h 
two approximately equal, just subthreshold cathodal stimuli are applied to the nerve 
through a common electrode at varying time intervals and the resulting potentials 
recorded within 0-6 mm. of the stimulating electrode. At the long interval of a, the test 
stimulus finds the tissue supernormal so that a propagated response is initiated. As 
the interval is progressively decreased in b, c, d, and e, the test stimulus comes more 
and more into the local refractory period and consequently loses local physiological 
activity and assumes the form of the purely physical response. In /, g, and h the test 
stimulus is in the summation interval and so sums physically with the conditioning 
stimulus, resulting in a propagated response in h. In records i~r the conditioner is a 
cathodal shock of just subthreshold strength but the test shock is anodal. While the 
anodal impulse is outside the summation interval (»', j, h, l) the response is merely the 
algebraic sum of the two impulses separately. During the summation interval (m and 
n) the anodal impulse not only subtracts physically from the local potential present, 
but also prevents the development of further local physiological activity after its 
application. In o and p it precedes the cathodal impulse and no local physiological 
activity starts. Applied still earlier the anodal shock may have no effect (q), due to 
equal summation and accommodative effects, or if early enough it may facilitate the 
cathodal impulse sufficiently to yield a response (r). 









Fig. 12. Summation of spatially separated stimuli. The conditioning stimulus is applied at 
a point 04 mm. in (a) and 1-2 mm. in ( b ) from the point tested. The conditioning 
stimulus was always cathodal and of the strengths indicated beside each curve in 
per cent of threshold. Negative abscissae refer to experiments in which the “ test” 
shock preceded the “ conditioning” stimulus. Negative ordinates refer to experiments 
with superthreshold conditioning where the response was just inhibited by an anodal 
test stimulus. The asymmetry of the curves about the Y axis indicates the relatively 
greater persistence of activity after a just subthreshold shock than after a lesser one. 
The anodal curves illustrate the much greater ease with which an impulse can be 
prerented before it has developed than blocked after it has developed. 

PH. XCVI1I. 
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In these last two experiments readings were taken with the test shock 
preceding as well as succeeding the conditioning stimulus. In the graphs 
points on the left of the origin (time negative) are for “test” shocks 
preceding the conditioning stimulus so that the effect of anodal condi- 
tioning shocks is indicated. As might be expected, an anodal impulse is 
much more effective in preventing excitation than in stopping it. The 
time scale of the figure is too open to show the accommodation effect of 
the anodal shocks. 

(6) Correlation of excitability and potential changes 

Summarizing the results, it is seen that weak (i.e. less than about 
50 % of threshold) cathodal stimuli leave the nerve in a supernormal state 
which passes away approximately exponentially, and is accompanied 
by a local polarization potential (physical response) which dies away in 
approximately the same time and in the same way as the increased 
excitability. With such weak strengths of conditioning shock the response 
evoked by the test shock when it is just subthreshold shows a physiological 
response which starts on the tail of the (physical) response from the 
conditioning stimulus. 

Strong subthreshold cathodal stimuli (i.e. 50-100 % of threshold) are 
followed by a period of hyperexcitability lasting longer and of different 
time course from that which would be expected on purely physical bases. 
With such intensities of conditioning stimulation the conditioning shock 
is accompanied by a large local potential with a non-exponential tame 
course of nearly the same shape as that of the heightened excitability. 
With conditioning stimuli of around 60-70 % of threshold strength, both 
the test and the conditioning stimuli are accompanied by “physiological’ 
response type polarizations, whatever the time interval between them, 

‘ but in cases where 90-100 % of threshold conditioning shocks are used, 
the test shock applied during the local refractory period is not followed 
by a “physiological” local response, but only by a physical response. 
During the early portion of the summation period, therefore, the second 
stimulus is unable to elicit any local physiological response. Since, none 
the less, the fibre is still hyperexcitable at this time, it must be that the 
final thrust which sets off the propagation is the electrical stimulus itself, 
adding to what is left of the local response from the first stimulus, not 
itself producing physiological local response. 

With superthxeshold conditioning stimuli, the local potential recorded 
at the stimulating electrodes is either of the physiological response shape 
or of the “instantaneous” shape which results from stimulation intense 
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enough to set the nerve into instantaneous propagation without a pre- 
liminary millimetre or two of incremental conduction (see Fig- 13). In 
the slightly supexthxeshold cases, an anodal stimulus strong enough to 
prevent propagation is seen not only to cause a negative exponential 
shift of the pattern, but also to arrest instantaneously the farther 
development of physiological local potential. In nicely adjusted cases 
where an anodal test shock just insufficient to prevent propagation is 
given, the already developing local potential is seen to pause briefly and 
then re-develop. 

In the cases where an anodal conditioning shock is given, there is no 
evidence that it does more than produce a polarization, the remnant of 
which a subsequent cathodal impulse must overcome. Due to accommo- 
dation this remnant may under suitable conditions become negative. 

Discussion 

From the point by point correlation which has been established 
between the development of local action potential and the onset of exci- 
tation under widely divergent conditions of stimulation with pairs of 
variously polarized stimuli it must be concluded, at least in the case of 
squid nerve, that excitation results from the simple electric summation 
of local physiological action currents with appropriate components of 
externally applied stimuli. That a similar rule applies in the case of 
medullated nerves has not yet been established experimentally, but is 
almost certain from the identity of the excitability curves for medullated 
and non-meduUated nerves, such as those obtained by Katz and in the 
present work (Tigs. 8 and 9). 

It would appear that each element of nerve, upon being adequately 
stimulated, undergoes excitation and makes its contribution to the local 
action potential quite independently of whether a propagated impulse 1 
exists or is being initiated in the nerve or not. This contribution runs a 
time course which may be deduced from Fig. 13. This time course is not 
that of the propagated action potential, which depends largely upon the 
safety ratio and length constant of the nerve, but is considerably quicker. 

It appears probable that the inhibiting action of anodal stimulation 
is due to electrical neutralization of local action currents rather than to 
restoration of the excited regions of the nerve to the normal condition. 
It is therefore much easier to prevent the development of propagation in 
response to an adequate cathodal stimulus by an anodal impulse pre- 
. ceding the cathodal than by one succeeding it, as the preceding anodal 
stimulus need only balance the applied cathodal stimulus while the 

5—2 



68 R. J. PDMPHRBY, 0. H. SCHMITT AND J. Z. YOUNG 

anodal stimulus following a cathodal must neutralize both the cathodal 
stimulus and the local action currents which it has evoked. As the local 
activity spreads to regions farther and farther from the point of stimula- 
tion, this becomes increasingly difficult as the anodal stimulus must not 
only neutralize more and more local current but must also reach out 
farther from the point of stimulation. 



0-92 msec. 


Fig. 13. Development of local action potential. The nerve is allowed to reach a state of 
reduced safety ratio and the potential developed at a point 0-5 mm. from the stimula- 
ting electrode recorded. With weak stimuli the potential is the physical response due to 
the electrotonic spread of stimulus, and consequently falls off nearly exponentially 
(a, b, c). Then in a short range of stimulus strength, the local physiological response 
develops to its ma ximum (d~g). With further increases in stimulus strength, little 
further physiological response is produced, but only increased electrotonio spread of 
stimulus (compare with response in nerve with high safety ratio. Fig. 3). The per- 
centages give the relative strengths of stimuli in terms of the strongest. 

It is not yet possible to say definitely whether the degree of activity 
in any element of nerve is graded or not, as the length of nerve excited 
and the degree of excitation of any one element are, as yet, inextricably 
bound up together. It may be possible through the use of a properly 
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shaped electric stimulating pattern to bring a considerable length of 
nerve into a constant state of excitation and thus learn whether the net 
threshold is sharp or diffuse. 

The familiar short-time variations of excitability brought about by 
the application to a nerve of anodal or cathodal conditioning stimuli 
[Katz, 19371 can be described in quite simple terms if one is prepared to 
consider nerve as a polarizable electric cable which becomes excited and 
contributes energy at any point where stimulation has exceeded the 
minim um set by the excitation laws [Hill. 1936]. Any point which is 
thus excited contributes its local activity and then undergoes an absolute 
and perhaps a relative refractory period. 

Consider, for example, the case of a quick anodal conditioning stimu- 
lus. This stimulus, whatever its strength, results in the. passage of a 
damped anodal pulse progressing away from the source, followed by a 
small cathodal remainder due to polarization. A cathodal pulse of even 
slightly superthreshold strength preceding the anodal will very soon have 
recruited enough local activity to start excitation in regions several 
analytical units of length away from the site of stimulation, and hence 
out of reach of the rapidly attenuating anodal pulse. It is thus very 
difficult to stop au impulse with an anodal pulse unless the impulse is still 
• in the immediate vicinity and not yet full grown. 

An anodal impulse applied before the same cathodal one would fare 
much better, since now it would have only to balance the direct physical 
catelectrotonns, without which no local activity would be generated. 
This effect is clearly shown by the asymmetry of the anodal branches 
in Fig. 12 (a) and (6). With the anodal conditioning impulse occurring 
still earlier, a cathodal remnant would linger and the post anodal 
enhancement, an accommodation effect, would occur, as seen in Fig. 11, 
records q and r. 

With weak cathodal conditioning pulses the reverse of the anodal 
process occurs, aud there is first a physical summation period and later a 
very small accommodative rise of threshold which is barely observable. 

The early summation period represents simply the interval during 
which the physical response, plus the physiological response which it has 
excited, are in being and can assist tbe second stimulus. Where the greater 
part of the response is contributed by the stimulus, the resultant hyper- 
irritability dies away nearly exponentially. So soon, however, as much of 
the hyperexcitability is contributed by local physiological activity its 
effect persists longer (1) because of the finite duration of the 'local 
activity and (2) because a decremental impulse is set up which tends to 
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excite more distant loci at later times, they in turn summing with the 
second stimulus. The portion of the nerve which contributes the local 
physiological activity soon enters its local refractory state, and if the 
safety ratio is low there follows a post-cathodal depression. 

The variations of excitability following an adequate stimulus are 
easily correlated with the variations of local activity, for immediately 
after an impulse has been excited, all regions in the vicinity of the 
stimulus are refractory and then gradually recover from the point of 
stimulation outward. During the early stages of recovery the safety 
ratio is severely reduced and consequently a great length of nerve must 
be excited to produce propagation. Gradually recovery occurs and the 
threshold drops as a shorter and shorter length suffices to excite. 

The form of the recovery curve following an adequate shock is not 
exactly that obtained with subthreshold conditioning stimuli, because in 
one case only regions immediately in the vicinity of the electrode have 
been rendered refractory, while in the other the whole length of the 
nerve is depressed practically simultaneously. There is therefore much 
greater depression than that produced locally by subthreshold condition- 
ing, after which only a minute region outside the depressed area need be 
excited to bring about propagation. As would be expected, the similarity 
between the recovery curves for subthreshold and for adequate stimula- 
tion becomes greater as the safety ratio of the nerve is reduced. 

Thus the variations of local potential and the accompanying changes 
of excitability which follow various- sequences of conditioning shocks 
can be understood, without making any specific assumptions about the 
nature of the excitatory process, by comparison of the nerve fibre to a 
polarizable electric cable capable of yielding a certain pattern of electrical 
energy at any point which is suitably polarized cathodally. This study, 
however, fully supports the view that the local physiological response 
produced by subthreshold cathodal stimulation is an activity in every 
way simil ar to that by which each region of a nerve fibre stimulates its 
neighbours during the propagation of a normal impulse. 

S miVAR T 

1. A new technique is described for the quick and accurate determina- 
tion of nerve excitability. Two short shocks of separately adjustable 
strengths and polarities are used, both shocks being electrically syn- 
chronized with the cathode-ray time base at any desired time interval. 

2. In single nerve fibres of the squid ( Loligo ), the variations of excita- 
bility which result from conditioning the fibre with various subthreshold 
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strengths of cathodal and anodal stimuli were correlated with the 
variations of local action potential occasioned by the conditioning 

stimuli. • „ 

3. Thus cathodal conditioning stimuli of less than half threshold 

strength are associated with exponentially decreasing {physical ) local 
potentials and with exponentially decreasing extra excitability of similar 
time course and proportional magnitude. 

4. !seai threshold conditioning stimuli bring about disproportionately 
prolonged (physiological) local action potentials and correspondingly 
prolonged extra excitability of simriar time course. 

5. From the correlations thus made between variations of excita- 
bility and development of local action potential under various conditions 
it must be concluded that excitation in the squid fibre results from the 
electrical summation of appropriate components of local action currents 
and of the applied stimulus. This implies that propagation results from 
the spread of current produced by local physiological activity. 

6. That these conclusions apply also to medullated fibres is made 
probable by the very close resemblance of the whole family of excita- 
bility curves found in the present investigatiqn of single squid fibres to 
those of Katz found for bundles of frog sciatic fibres. 

7. From the diminution of physiological local response to a cathodal 
stimulus applied to a nerve fibre shortly (ca. 1 msec.) after a just sub- 
threshold conditioning stimulus, it is concluded that there exists a 
refractory period of local response. 

8. In a fresh nerve fibre with high safety ratio this refractory period 
does not lead to the explicit appearance of a post-cathodal depression. If, 
however, the fibre has a low safety ratio, so that a relatively long section 
of it can be excited into local physiological activity without arousing 
a propagated response, then a marked period of lowered excitability 
appears after a subthreshold cathodal stimulus. 

9. This local relative refractory period can be artificially induced in a 
fresh fibre by brief intense tetanization. It is then found to occur only 
in the region close to the tetanizing electrodes and to be most pro- 
nounced immediately after the tetanus, the fibre later returning almost • 
to its original condition. 


Tim investigation has been assisted bv grants from the Government Grants Committee 
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THE COMPOSITION OF ALVEOLAR AIR 
By I. F. S. MACKAY 

Department of Physiology , Manchester University 
(. Received 4 October 1939) 

lx 1905 Haldane & Priestley pointed out that in order to obtain a satis- 
factory sample of alveolar air by their method the dead space of the 
lungs must first be washed out by the lung gases in the delivery of the 
sample. If more than this volume is expired the composition of the 



sample is the same whatever the depth of the expiration. In 1915 
Haldane extended these investigations and obtained similar results. His 
results when set out graphically produce a plateau which represents the 
constant partial pressure of CO. that is obtained when the dead space 
has been washed out (see Pig. 1). 
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The presence of this “alveolar air plateau” has been demonstrated 
in only one subject (J. S. H.). Partly on this account and also because 
of other work that the writer has carried out, it was doubtful if it was 
always present. It was therefore decided to investigate t his problem in a 
small number of subjects. 

Methods 

The first steps taken in these investigations were to reduce the experi- 
mental variations which are met with in the original Haldane-Priestley 
method. 

Instead of sealing the end of the tube by means of the tongue, and 
then withdrawing a sample into a sampling tube, two taps were used to 
form a trap. These were placed as close as possible to the mouthpiece 
(in fact, the first tap acted as the mouthpiece) so as not to increase the 
dead space of the apparatus any more than was necessary; also for the 
same reason the volume of the trap between the taps was approximately 
60 c.c. The samples were' taken directly into a small Haldane gas analysis 
apparatus. A Hutchinson spirometer was used for measuring the volume 
expired, and was attached to the end of the Haldane-Priestley tube. 
When this read the desired volume the two taps were turned synchro- 
nously and as rapidly as possible. 

The writer is satisfied that a sample which is trapped in this manner 
when the spirometer reads 1000 c.c. is the sample that issued from the 
mouth after 1000 c.c. of lung gases had been expired. This cannot be 
claimed by other methods except perhaps by the original Haldane- 
Priestley method. 

In justification of this procedure a series of results is given in Table I 
of the percentage of C0 2 in end-expiration samples delivered by the 
original Haldane-Priestley method and by the modified method just 
described. The range of each series is shown with the average of the 
determinations. It can be clearly seen that the variations of the modified 
method are less. 

Table I 


No. of 
series 
1 
2 

3 

4 


CO, percentage in end-expira- 
tion samples of alveolar air 
collected by the Haldane- 
Priestley method 


CO, percentage in end-expira- 
tion samples of alveolar air 
collected by the modified method 
at the same sitting 


Range 

Average 

Range 

Average 

6-39-5-91 

5-57 

5-44-5-49 

5-47 

5-12-5-69 

6-42 

5-25-5-35 

6-29 

6-39-5-52 

6-46 

6-40-5-47 

5-44 

5-03-5-75 

5-43 

5-51-5-57 

5-55 

Final average 

5-47 


6-44 


All results ore expressed ns a percentage of the prevailing atmosphere. 
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Throughout the following experiments where it states that alveolar 
air samples were taken it means that end-expiration samples were ob- 
tained by the modified method just, described. 

It has been shown previously [Mackay, 1939] that the level of the 
venous CO, tends to settle down during an experiment while the subject 
is resting amt it has been found that a similar fall occurs with the alveolar 
C0„. For this reason a period of rest was observed before each experiment. 
To avoid the production of false results due to this falling of the alveolar 
CO, the following procedure was observed. Firstly, the volumes were 
sampled in the order from the deepest to the shallowest. Secondly, they 
were taken in the reverse order. Finally, the samples were taken at 
random. The average time for an experiment of 5-6 determinations was 
30 min. It was found wise to consider the first two sets of determinations 
as trial experiments, as most of the subjects showed an irregularity at 
the commencement of a series which was probably due to their inability 
to deliver consistently correct samples. In this series emphasis has been 
laid on the subject delivering each sample in a constant manner. 

Another important point is the time taken to deliver a sample. If 
a subject was unduly long in delivering samples a curve showing an 
upward trend instead of a plateau might be obtained. All tbe snbjects 
studied were so instructed tbat the time taken to deliver their largest 
sample was considerably shorter than the time taken for an ordinary 
expiration. In Table II are given the averages from the results obtained 
from the series of experiments that were performed on each subject. 


YoL of expiration, c.c. 
CO. % 


YoL of expiration, c.c. 
CO, % 


YoL of expiration, c.e. 
CO o' 

v ' u l /O 

YoL of expiration, c.c. 
CO, % 


^ ol. of expiration, c.c. 

CO,% 

' °L of expiration, c.c. 

co,% 


Tabpe n 

Snbject no. 1, S experiments 
0-400 40O-S00 800-1200 

5-17 5-59 5-61 

Subject no. 2. 6 experiments 
0-400 400-800 800-1200 

5-79 6-24 6-18 

Subject no. 3. 4 experiments 
400-000 600-800 800-1000 

4*70 , 7 - 0.7 o-12 

Subject no. 4, 6 experiments 
0-350 350-700 700-1050 

4- 5S 5-OS 5-42 

Subject no. 5, 6 experiments 
0^400 400-800 S 00-1200 

5- 63 5-79 5-82 

Subject no. 6. 3 experiments 
200-600 000-1000 1000-1400 

4,2 4-56 .5-01 


1200-1600 

5-20 


1200-1600 

6-18 


1000-1200 

5-23 


1050-1400 

5-56 


1200-1600 

8-09 


1400-1800 

5-36 
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Examination of the results in Table II shows that the results fall 
roughly into two groups : (a) Those that show a continuous rise with the 
volume of air that leaves the lungs. This was found in subjects 3, 4, 5 
and 6 (see Fig. 1). (6) Those that show an initial rise, which is followed 
by a fall. This was found in subjects 1 and 2. Only in one out of 33 
determinations on the six subjects was a plateau observed. 

As these results vary so markedly from those of Haldane and Haldane 
& Priestley, a careful examination of their methods and results is neces- 
sary before conclusions and comparisons may be drawn. 

Haldane & Priestley in their original experiment in 1905 state that 
the subject’s tidal air was 600 c.c. and that the samples were collected 
at the end of inspiration. They were therefore able to obtain samples of 
alveolar air by the expiration of a volume less than the tidal air, namely, 
492 c.c. 

In 1916 Haldane repeated the experiment but altered the procedure. 
Instead of expiring a certain quantity and then sealing the mouthpiece 
with his tongue, he attached a rubber bag to the distal end of the tube, 
the capacity of which when inflated could be varied at will by the 
adjustment of a large wooden clamp. It was demonstrated on this second 
occasion, from the averages of the results obtained, that 960 c.c. were 
required in order to reach the “alveolar air plateau” (see Fig. 1). He 
does not state whether the samples were delivered at the end of inspiration 
or at the end of expiration. Later, in his book on Respiration [1922], 
he says that the figures were obtained from end-inspiration samples. In 
a second edition in 1935 he states that it was at the end of expiration that 
the samples were delivered. Assuming that this last statement is correct, 
it means that from the end-inspiration point 1650 c.c. of lung gases had 
to be expired to give a sample of alveolar air in 1916, while only 492 c.c. 
were necessary in 1905 — a difference of over a litre! It is difficult to 
understand how such a variation in results was produced unless it was 
due to the difference in the apparatus. 

Aitken & Clark-Kennedy [1928] devised an apparatus to withdraw a 
series of samples from one expiration. Their observations were made 
during muscular exercise for the purpose of determining the variations 
in the alveolar air during the respiratory cycle. They state that “if the 
variation in the composition of the air passing out of the mouth [then- 
italics] in a single expiration is observed it is possible to deduce what 
changes must have occurred in the alveolar air to give rise to the observed 
changes in the expired air”. They do not state on what grounds this 
statement is true. 
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Following inspiration, the gase3 in the lungs must tend to go into 
equilibrium with the gases in the mixed venous blood entering the lungs. 
This is what occurs when the breath is held, but normally the gases are 
swept out in the expiratory phase before this stage is reached. If samples 
were taken inside the lungs by means of a catheter this should be demon- 
strated. The writer has shown that samples taken from air passing out 
of the mouth do not necessarily conform to these changes that occur in 
the lungs. 

In their complicated apparatus there must have been considerable 
mixing of the lung gases as they issued from the mouth. The trapping of 
the samples was not carried out in a manner comparable to that used by 
the writer, and they could not safely assume that a sample obtained at 
say 1000 c.c. was the same sample that issued from the mouth at 1000 c.c. 
As their experiments were performed on a subject who had been exer- 
cising for 10 min this may have produced results that varied from the 
resting state. The results that they obtained were on two subjects, and 
showed a curve which rose from zero with an S-shaped inflexion and con- 
tinued into a straight line with a gradual upward slope. 

Pearce [1917] determined the alveolar C0 2 from a formula. He 
publishes the results of two experiments which are similar to those of 
subjects 1 and 2. He states, “ The percentage of C0 2 is plotted on cross- 
section paper on the ordinates, with the cubic centimeter in the expiration 
on the abscissae. A line joining these should make a hyperbolic curve. 
Any marked deviation from such a curve indicates at once that an 
error has been made in taking the sample — and this Bample should be 
discarded.” 

It is reasonable to assume that different parts of the lungs are venti- 
lated in a different manner, so that when a forced expiration is made, air 
from those less well ventilated ox “ deeper” parts is exhaled. This might 
explain the type of result that is produced by subjects 3, 4, 5 and 6; but 
it is difficult to apply this argument to the results which were produced 
by subjects 1 and 2, unless the gases from the “deeper” or less well 
ventilated parts of the lungs are shunted out by a sudden forced expiration 
in front of samples from portions which are better ventilated. 

SuiMARY 

It is generally assumed since the work of Haldane & Priestley [1905] 
and Haldane [1915] that when once the dead space is washed out by the 
lung gases in the delivery of an alveolar sample the partial pressures of 
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the gases remain at a constant figure whatever the depth of the expiration. 
The writer has been unable to confirm the presence of this “ alveolar air 
plateau” in any one of the sir subjects investigated. 
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EFFECT OF GRAVITY ON THE BLOOD PRESSURE 
OF THE CAT 

By 0. 6. EDHOLM 

From the Department of Physiology, King s College, London 
(Received 16 October 1939) 

The effects of posture on the circulation, with full references to the 
literature, are described by McDovrall [1938]. The present investigation 
has been carried out primarily to ascertain the role of the pressor receptor 
nerves in the compensating mechanism of postural change. An increased 
fall of blood pressure in the feet- down position after denervation of the 
carotid sinuses has been found in the dog by several workers [Hering, 
1927; Bennati & Mazzucco, 1935; Wald, Guernsey & Scott, 1937]. 
J. Koch [1935], using rabbits, found a slight increase in the fall of blood 
pressure after denervation, and also that the compensatory mechanism 
is more easily exhausted under these conditions. In man, Mark & 
Neumann [1932] concluded that the sinus plays an important part in the 
regulation of the circulatory changes during an alteration of posture. 
Me William [1933] found a correlation between the effects of carotid sinus 
pressure and the increase in pulse rate on sitting up, but not in the further 
change from sitting to standing. 

Preliminary experiments appeared to indicate that in the cat, the 
role of the pressor receptor nerves in the control of the circulation during 
changes of posture, was not so important as had been concluded from 
the above work [Edholm & McDowall, 1936]. It therefore seemed 
expedient to reinvestigate the whole problem. 

In the cat, as in man, the effects of putting the animal in the feet- 
down position are an i mmediate fall in the carotid blood pressure followed 
by a variable rise. This marked variation introduced a difficulty in that 
one could not draw conclusions by comparison without risk of error. An 
attempt has been made to establish a standard fox cats as a whole by 
examining a large series and taking average results. 

This paper describes the effect of gravity on the blood pressure of 
fifty-six cats, together with the results obtained from a further sixty-four 
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cats on which, various experiments were carried out. The results have 
been treated in a way that enables them to be used as a standard. 

The results show that: 

(1) Compensation in the cat is more effective than earlier workers had 
found. 

(2) It is not so good as in man. 

(3) It is related to the initial blood pressure. 

(4) It becomes progressively less in the course of a given experiment. 

(5) It is related to the sex and weight of the animal. 

(6) Removal of the carotid sinus receptors does not affect the 
response. 

(7) Removal of the aortic pressor receptors diminishes powers of 
compensation. 

Methods 

Cats anaesthetized with ether followed by ehloralose, were used for 
all experiments (ehloralose, 0-056 g. per kg. body weight). Experiments 
were not begun until half an hour after the ether had been given, by 
which time most of the ether had been excreted. 

The table used consisted of a flat board on which the animal was 
firmly fixed, rotating about a transverse horizontal axis. The table was 
constructed so that the axis of rotation passed 2 in. above the level of the 
board. The animals were fastened on the board with the axis of rotation 
passing about 5 cm. caudally to the right auricle. All animals were 
rotated about the same point, to have comparable results. According to 
Clark, Hooker & Weed [1934] rotation about this point reduces the 
hydrostatic effects to a minimum. 

Blood pressure was recorded continuously on a kymograph by a 
mercury manometer connected to a cannula in the central end of the 
right common carotid artery. A tracheal cannula was inserted, and both 
vagi and the left carotid artery exposed before experiments began. Since 
the right carotid artery was necessarily ligatured for the recording of 
blood pressure, the right carotid sinus was in effect out of action, but in 
addition this sinus was always denervated. 

Sudden movements were avoided when tilting the animal. About 
2 sec. was taken to move the table from the horizontal to the vertical, 

4 sec. being the maximum time ever used. Within these l im its, no appre- 
ciable alteration of the blood-pressure curve was observed, but if a 
longer time is employed, the compensatory mechanism begins to act 
before the animal is in the vertical position, and the full fall of blood 
pressure may not be seen. 
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Animals were maintained in the vertical position for 2-5 min, and then 
returned to the horizontal position. Experiments earned out for longer 
periods showed that the blood pressure reached a steady state m the large 
majority of animals within 2 min. 

Since the animals were not rotated about the point of the carotid 
cannula, an error is introduced into the kymograph record. The distance 
from the tip of the cannula varied slightly from cat to cat, but averaged 
12 cm. so when the a nima l was in the vertical position, the blood pressure 
as recorded was in all cases approximately 1 cm. Hg too high. ThiB error 
is present in all experiments and, except when plotting Fig. 4, has not 
been otherwise considered. 

To test the effect of the carotid sinus, a clip was placed on the left 
common carotid artery. This procedure is equivalent to temporary 
denervation, as Bronk & Stella [1932] have shown that reduction of the 
endosinusal pressure to 50 mm. Hg or lower abolishes the discharges 
from the end-organ, and von Euler & Liljestrand [1936] find that clipping 
the common carotid lowers the endosinusal pressure below this level, the 
fall persisting until the clip is removed. 


Results 


The first experiments described were carried out on fifty -six catB, and 
a further sixty-four cats have been studied under initially different 
conditions. 

The normal response 


Tilting an animal into the feet-down position, produces a variable 
effect on blood pressure. (The feet-down position means the rotation 
of the animal into the vertical with the head up and the hindlegs 
down, and will be referred to as the j?.d. position.) In Fig. 1 are shown 
the blood-pressure tracings from four different experiments, illustrating 
this variability of the blood-pressure record. 

The results have been classified as follows: 


(«) Rise of blood pressure above tbe originallevel, which is maintained, 
the average blood pressure in the f.d. position being higher than in the 
horizontal. This has been obtained in five experiments. 

(6) Fall in blood pressure followed by a rise above the original level 
but with the average blood pressure remaining below the horizontal level’. 
Ubtamed m six experiments. 

(c) In the majority of cases, placing an animal in the f.d. position 
produces a fall of pressure, followed by a varying degree of recovery- 
ra. xcvni. J 

6 
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this recover y not being adequate to bring the blood pressure back tc 
original level. The greatest fall of pressure is in the first 30 sec. Obta 
in thirty experiments. 



yf. l mm.Hg 

II* sec. ff'Mu-, 

uuuiiumii — im uiuuiuiui 


Fig. 1. Blood-pressure tracings obtained on tilting the Animal into the f.d. positii 
followed by return to horizontal, f marks movement from horizontal to vertic 
| marks return to horizontaL Results obtained in four different animals on the fi 
tilt, showing the wide variation of the blood-pressure fall and degree of recovery. 

(d) The blood pressure falls sharply and shows no recovery, or nu 
continue to fall more or less sharply for the whole period of the expei 
ment. This occurred in fifteen experiments. The difference between “c 
and “d” is that in “c” the initial fall is greater than the final fall, and J 
“ d ” the reverse is true. 

In view of the divergence of the results the following methods < 
analysis were used. 
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The change in blood pressure 

(1) Measurements were made on the blood-pressure tracing, of the 
initial change, the final level just prior to replacing the animal m the 
horizontal position, and two or three points in between, depending on the 
irregularity of the curve. The final figure for each experiment has been 
calculated as the average change of pressure in the t.d. position, ex- 
pressed as a percentage of the original level, i.e. the level of blood pressure 
in the horizontal position. 


Table I. Initial and final falls of pressure in the f.d. position, expressed 
as percentage of lying pressure 


Initial 

First f.d. 


Subsequent f.d. 

blood 

presrare 

r~“~ 1-1 

Initial fall 

Final fall 

Initial fall 

Final fall 

190 

180 

no 

UO±20 (12) 

8-7 ± 2-9 

19-6 ±2-9 (11) 

11-8 ±4-5 

160 

150 

UO 

23-2 ±30 (26) 

12-5 ± 2-S 

25-8 ±20 (29) 

17.00-2-9 

130 

120 

UO 

25-7 ±4-4 (13) 

19-4 ± 5-5 

30-6 ±2-9 (2S) 

28-3 ±3-9 

UO 

90 

47-7 ±8-5 (5) 

29-3 ±13-5 

41-3 ±2-3 (9) 

34-1 ±9-7 


SO 

50 


Table IL Effect of weight. First f.d. only 

Weight Blood 


in kg. 

pressure 

% fail 

Mean fall 

Initial fall 

Final fall 

50 

160 

4-3 ±0(1) 

5-0 ±0 

7-3 -lO 

1-3 ±0 

40 

175 

12-9 A2-3 (2) 

14-8 ±3 0 

11-5 ±1-3 

14-2 ±4-5 

3-5-40 

106 

16-9 ±3-4(11) 

22-1 ±4-4 

18-2 ->-3-4 

13-2 ±3-7 

30-3-5 

165-2 

18-1 ±3-4 (27) 

200 ±3-7 

21-8 J-3-5 

14-7 ±2-6 

2-5-30 

158-5 

16-3 - 1 -2-4 (35) 

18-9 ±2-9 

20-8-L-2-3 

11-5—2-4 

20-2-5 

152-3 

20-6 ±5-1 (16) 

22-7 ±4-5 

21-8—5-1 

16-9 j-5-2 

1-5-20 

1410 

10-8 ±5-4 (6) 

12-11 ±8-6 

17-1 ±4-5 

9-7 —8-2 


(2) As a check on the first method, the blood-pressure curves were 
examined by measuring the area of the curve above and below a base-line, 
this line being the prolongation of the initial blood-pressure level. Areas 
above the base line were given a positive value, and those below a negative 
value, the final result being a sum of these two measurements. The figure 
obtained is converted into the mean blood-pressure change. The area is 
measured in terms of sq. mm. =A, and the length of each record measured 
in mm. Then 4/length will represent the vertical distance in mm. on the 
tracing separating the initial blood-pressure level and the mean blood- 
pressure level in the f.d. position. 


6—2 
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The percentage blood-pressure change and the mean blood-pressure 
change as measured above were estimated for each experiment. The 
results obtained by the two methods are essentially the same, so only the 
first method has been used in this paper, except in Table II. The standard 



Initial B.r. mm. Hg 

Fig. 2. Abscissae: initial level of blood pressure in lying position, measured jnst prior to 
tilting the animal. Ordinates: percentage fall of blood pressure in f.d. position. 
Top half: results obtained in animals with pressor receptors intact. Lower half; 
combined results from all experiments. — continuous line, results obtained at the 
first F.D. broken line, results obtained at all subsequent experiments. 

Relationship between initial blood pressure and change of pressure 
The results have been arranged in groups according to the initial 
level of blood pressure, and the average percentage change worked out. 
The results are shown in Fig. 2, upper half. In no group is the average 
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blood pressure raised above the original level. There is a clear relationship 
between the initial level of blood pressure and the average fall of pressure 
in the f.d. position; the fall, both absolute and percentage, becoming 
progressively greater with decrease in the initial level. These results are 
taken from the first experiment carried out on each animal; fatigue is 
not a factor. 

Fatigue 

When a f.d. experiment is repeated several times on the one animal 
it is found that the compensatory mechanism gradually becomes less 
effective, so the fall of blood pressure in the f.d. position is greater with 



Tig. 3. The effect of repeated tilts. Tracings obtained in one animal on first and subsequent 
tilts. A, first F.D. ; B, second f.d., etc. Point of movement marked by arrows. Tbe fell 
of blood pressure in the f.d. position increases with each experiment, and the degree 
of recovery beeomea less. ° 

each experiment. At the same time there is usually a gradual fall of the 
general level of blood pressure, so that each successive experiment is 
performed at a lower initial level. Fig. 3 shows the changes in blood 
pressure produced by a series of f.d. experiments in a typical case. Tbe 
interval between each tilt is 5-10 min., so that the blood pressure has an 
adequate time to reach a steady state. 
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In the upper curve of Fig. 2 the percentage blood pressure changes for 
all subsequent experiments, i.e. for all except first f.d., have been 
plotted. Two deductions can be made, (i) that the fall of blood pressure 
in the f.d. position shows the same relationship to the initial level as in 
the first f.d. experiments, (ii) that the fall of pressure is not an effect of 
the concomitant fall in general level but is a true effect of fatigue, 
(Occasionally it was found that the fall of pressure at the third f.d. might 
be less than at the first or second f.d., but the average results show a 
steady increase in the fall with successive f.d.) 

Recovery phase 

As shown in Figs. 1 and 3, after the sharp initial fall of pressure in the 
F.D. position there is a period of recovery of varying degree. This recovery 
phase is an index of the compensatory powers of the circulation. The 
average initial and final falls in the f.d. position are given in Table I. 
The final fall is measured just prior to replacing the animal in the hori- 
zontal position, the difference between the initial and final fall measuring 
the degree of recovery. The degree of recovery is marked at all levels of 
blood pressure for first f.d. experiments, but is considerably less for 
subsequent experiments, as is seen in Fig. 3. There is a greater increase 
in the final fall than the initial fall in subsequent experiments, so that 
fatigue chiefly affects the degree of compensation. 

The average recovery for first f.d. experiments is 8-6 % ± 2-0 
(standard error, fifty-six experiments), and for subsequent experiments 
5-7 % ± 1-8 (seventy-seven experiments). The results are expressed as a 
percentage of the blood pressure in the lying position, the average for 
first f.d. being 144 mra. Hg and for subsequent 135-5 mm. H g. 

Relationship between horizontal and vertical blood pressures 

Schneider & Truesdell [1922] measured the change in systolic blood 
pressure in healthy young male adults, 2 min , after standing up. 
Estimating the relationship between standing and lying figures they 
found that taking the lying figures as the basis, at all levels of blood 
pressure there was a rise of 2-3 mm. Hg in the standing position. Taking 
the standing values as their basis they found that the groups with a low 
standing pressure had a higher lying pressure, in the middle range the 
standing and lying pressures were almost identical, and the high-pressure 
standing group had a lower lying pressure. 

In Fig. 4 the result of assessing the present experiment in a similar 
manner is shown; i.e. the change in blood pressure 2 min. after placing 
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the animal in the f.d. position has been compared with the imtiaHevel 
of pressure and vice versa. In this case so as to have as close an appwa- 
mation as possible to Schneider’s figures, 10-0 mm. Hg has been sub- 


Fie. 4. The relation of blood pressure in f.d. position (standing), to pressure in the lying 
(horizontal) position, and vice versa. Carre A. continuous line: abscissae, blood 
pressure in f.d. position: ordinates, blood pressure in lying position. Curve B, broken 
line: abscissae, blood pressure in lying position; ordinates, blood pressure in f.d. 
position. 10 nun. Hg dedncted from all f.d. blood pressures, to correct for movement 
of cannula. Blood-pressure level estimated after 2 min, in f.d. position. Only first 
f.d. eiperiments included. 


tracted from all standing figures, this being the error introduced by the 
movement of the carotid cannula. Taking the lying value as a basis, it is 
found that at all levels of pressure the average (standing or) vertical 
pressures are always lower, and the difference between the two values in- 
creases with decrease in the lying pressure (absolute falls, not percentages 
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have been used). When the standing figures are used as the basis, the 
results are more similar to those of Schneider & Truesdell. At low 
standing pressures, the lying pressure is much higher, this difference 
decreasing with increase in the standing pressure, until at the highest 
range of pressures the two values are identical. 

The effect of the 'pressor receptor nerves 

General. Experiments were first carried out consecutively; the first 
f.d. without the application of the carotid clip, the second f.d. with the 
clip applied, and the third with the clip removed. K the results had been 
clear-cut, i.e. if in all experiments when the carotid clip was applied, the 
fall of blood pressure in the f.d. position had been greater or less than the 
fall produced before and after the application of the clip, it would have 
been easy to draw a definite conclusion as to the role of the carotid sinus. 
The results have not been so conclusive. The fall of pressure in the f.u 
position when the clip was applied was sometimes greater, sometimes 
less and occasionally identical with the previous fall. 

To estimate the importance of the pressor receptor mechanism, all 
results obtained under similar conditions have been grouped together, 
and compared with results obtained under other conditions. There are 
four groups of experiments: 

(1) Normals: all pressor nerves intact (except right sinus). 

(2) Carotid clip applied: both sinuses out of action. 

(3) Both vagi cut: the two aortic nerves are divided. 

(4) Both vagi cut and the carotid clip applied; so removing the four 
main pressor receptors. 

These four groups do not represent four separate batches of animals 
as experiments might be carried out on any one animal, which would 
come in all four groups. The sequence of experiments might be: 

First f.d. with carotid clip applied. 

Second f.d. without carotid clip. 

Third f.d. following section of the vagi. 

Fourth f.d. with carotid clip. 

Fifth f.d. without carotid clip. 

The first f.d. would be classified in group 2, the second in group 1, 
third in group 3, fourth in group 4, and the fifth in group 3. 

Results. The average percentage blood-pressure fall in each blood 
pressure group for all the four different types of experiment are given in 
Fig. 5. All experiments performed under the same heading have been 
grouped together, i.e. both first and subsequent f.d., as the comparatively 
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small number of experiments in tbe first f.d. only give scattered results. 
The results in the first three groups are closely similar, hut the average fa 
of pressure when the vagi are cut and the carotid clip applied is greater 
over a large section of the graph, although statistically the difference is 
not significant. The average falls measured in mm. Hg are as follows: 
normals, 314+1-67 (133); vagi cut, 32-5 ±1-95 (109); carotid clip, 
31-6+2-3 (69); vagi cut and carotid clip, 35-8 + 2-7 (100). The figures m 
brackets are the number of experiments. 



Fig. 5. Results obtained in normal animals, compared with those with one or more pressor 
receptors removed. Abscissae; initial lving blood pressure. Ordinates: percentage fell 

of blood pressure in tbe f.d. position. normal, animals; animals with vagi 

cut; animals with carotid clip applied; - • • • animals with vagi cot and carotid 

clip applied. AH experiments in each category combined, Le. including first and 
subsequent t.t>. experiments. 

The Initial and final falls of pressure of the four groups are shown in 
Fig. 6. The greatest recovery is seen in the carotid clip group, whereas 
the very slight recovery is seen in the two groups with the vagi cut. The 
average recovery in mm. Hg is: normals, 9-9 + 145; vagi cut, 40 + 1-8; 
carotid clip, 15-8 + 1*5; vagi cut and carotid clip, 3-5 + 1-35. 

The average initial fall is almost identical for all the groups. 

Effect of initial blood pressure, etc. 

In the first part of this paper the various factors influencing the 
response of the circulation to the F.D. position were discussed, and the 
results of experiments on fifty-six animals were described. In assessing 
the influence of the pressor receptor nerves, a further sixty-four animals 
were used, and the percentage blood-pressure fall, and initial and final 
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Fig. 6. Initial and final falls of pressure in normal animals and those with pressor receptors 
removed. A, animals with vagi cut and carotid clip applied. B, animals with carotid 
clip applied. C, animals with vagi cut. D, animals with pressor receptors intact. 
indicates final fall of pressure; indicates initial fall of pressure. 



Fir. 7. Results obtained in males and females compared. AH experiments combined, i.e. 
both first and subsequent experiments. — continuous line, results obtained in females. 

broken line, results obtained in males. Top curres show final and in trial fells in 

males and females, a,, final fell of pressure, females. Oj, initial fen of pressure, females, 
t*. final fell of pressure, males, fe. initial fen of p re ssur e, males. Lexer half of Enure 
shores mean percentage fell of blood pressure in f.d. position in males and females. 


in the fall of pressure in the f.d. position vrith diminishing initial pressure ; 
the fall in successive f.d. experiments is greater than in the first experi- 
ments and the recoverv is less. 

In the lover naif of Pig. 2 the blood-pressure falls for first aud succes- 
sive experiments are shovm. The average falls in mm. Hg are for first ' 
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experiments 26-0 + 2-0 (119 exps.), and for successive experiments 
36-5 ±1*7 (292 exps.); the average recoveries in the same order being 
12-25 ± 1-4, and 5-7 + 1-0. 

Influence of sex 

This factor was not discussed under the normal response as there 
were insufficient data. In Fig. 7 all results in males and females have 
been plotted. The average blood-pressure change in females is less than 
' males at all levels of blood pressure, and both initial and final falls are 
less, with a greater degree of recovery in females. For the whole series 
of experiments these differences are not marked, as the average blood 
pressure in males is higher than females. If the figures for the first three 
f.d. experiments only are taken, the average blood pressures are almost 
identical, 160 mm. Hg in the male, 159-8 mm. Hg in the female. Initial 
falls are similar, but the final fall is greater in the male; 24-2 and 23-7 % 
being the initial fall in male and female respectively, 20-1 and 15-7 % 
being the final fall. The degree of recovery in the male is 4-1 %±H2 
(105 exps.) compared with 7-9 %+l-5 (113 exps.) in the female. This 
difference is statistically significant. 

Weight 

The effect of weight on the response is shown in Table II. All first 
F.D. experiments are included. The variation from group to group is 
small. 

Discussion 

It is interesting that quite a large number of animals did not show a 
fall in blood pressure when placed in the f.d. position. L. Hill [1895] 
gives one tracing of the carotid blood pressure in a monkey whioh shows 
a slight rise of blood pressure, but a fall of pressure was apparently 
obtained in most monkeys. In other animals (cat, dog, rabbit), published 
tracings of various authors invariably show a fall of pressure in the f.d. 
position. 

Most experimental results show a considerable difference between 
man and animals in the degree of compensation in the upright position, 
the blood pressure in man even being slightly higher on standing than 
lying (Schneider & Truesdell, 1922). This difference has been assumed 
to be due to the use of anaesthetized animals, and the normal erect 
posture of man. Loman, Damashek, Myerson & Goldman [1936a, b ] 
made direct estimations of intra-arterial blood pressure in the carotid 
artery in man, taking a continuous record. They found a steep initial 
fall of pressure on tilting into the f.d. position, averaging 33 mm. Hg, 
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followed by a degree of recovery, the average final value being 21 mm. Hg. 
These figures, obtained in unanaesthetized men, are very similar to those 
obtained in the present research, using anaesthetized cats. In both cases 
the mean pressure is recorded, not the systolic. The initial fall of pressure 
would not be observed measuring the blood pressure 2 min. after tilting, 
as was done by Schneider & Truesdell. 

The relationship between the initial blood pressure and the fall of 
pressure in the f.o. position has not been previously shown in animals. 
Loman el al. [1936 a] observed in a high blood-pressure group suffering 
from arteriosclerosis, a marked fall of blood pressure on standing. Roth 
[1936] found that the standing systolic pressure in several cases of 
hvpotension was higher than the reclming. 

It would seem that cats with a high blood pressure have a strong 
arteriolar tone, so that there is only a slight relaxation in the vertical 
position, whereas in animals with a low blood pressure and a poor 
vascular tone, the vessels dilate under the extra strain of the vertical 
position. 

The effect of fatigue and illness on the fall of pressure in man has 
been observed [Burger, 1925; Turner, 1929; Schneider & Truesdell, 1923; 
Hill, 1895] and J. Koch [1935] using rabbits observed that the compensa- 
tory mechanism becomes exhausted with repetitive experiments. This 
gradual failure of compensation is of great importance in experimental 
work, as results obtained in the same animal are not strictly comparable. 
It i3 misleading to compare results obtained before and after some experi- 
mental procedure, unless this gradual failure is taken into account. 

Under chloralose anaesthesia, there is a gradual fall of blood pressure 
commencing about 2 hr. after the beginning of the experiment. There 
may be a gradual progressive vaso-dilatation, which is checked by 
compensatory mechanisms so the fall of pressure in the f.d. position is 
increased as the compensatory mechanism cannot exert its usual effect 
as it is already in play. If this is correct, experiments should be compared 
with each other on the basis of the time interval elapsing between the 
commencement of the anaesthesia, and the tilting experiment. In this 
research, the first f.d. was performed approximately £ hr. after the 
animal was fully anaesthetized, and succeeding experiments were carried 
out at intervals of 10 min., so the time factor has not been separately 
considered. J 

No reference to sex differences in animals has been found in the 
literature. In man, Roth’s results [1936] show a greater increase in pulse 
rate in males than females on standing. Proger, Dexter k Bock [1934] 
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consider that there is no difference in the postural response, but according 
to their published figures, there is a greater increase in pulse rate on 
standing in males. 

The weight of the animal does not appear to be of great importance. 
In the range from 2-0 to 3-5 kg. the differences between the groups is 
very slight. In the lightest group, T5-2-0 kg. (6 % of animals) the small 
fall of blood pressure may be explained by the fact that these animals 
are probably young and active, and possibly have a more efficient vaso- 
motor control. However, Schneider & Crampton [1936], studying the 
effect of posture on boys, found that they showed greater changes in 
pulse rate and greater falls of blood pressure than did adults. 

The role of the carotid sinus and the aortic depressor nerves 

The results obtained in this research differ in many respects from those 
obtained by other workers. The following reasons are suggested to 
explain these differences. 

(1) The animals used. Hering [1927], Bennati & Mazzucco [1935], 
Wald et al. [1937], all used dogs, and J. Koch [1935] used rabbits. It is 
reasonable to suppose that these animals differ from the cat, especially 
as published tracings show that the recovery of blood pressure in the f.d. 
position in these animals is small, both before and after denervation of 
the carotid sinuses. 

(2) The anaesthetic used is important as first emphasized by L. Hill 
[1895]. Wald et al. used morphia which depresses the respiratory centre 
and so may interfere with the respiratory pump in the f.d. position. 

(3) The most serious criticism of previous work is that the basis of 
comparison is not sound. The effect on the blood pressure df tilting 
animals into the f.d. position before and after denervation of the carotid 
sinuses and section of the vagi, was the method employed in every case. 
The fall of pressure after denervation being greater than before it was 
concluded that the pressor receptors played an important role in pre- 
venting the fall. It has been shown in the first part of this paper that 
repeated tilts produce an increasing blood-pressure fall, so that even if 
the sinuses had not been denervated, a greater fall of blood pressure 
would have been observed. In some cases the difference before and after 
denervation have been greater than can be accounted for on the grounds 
of fatigue, but the results can only be considered suggestive and not 
conclusive. 

In this paper it has been shown that removal of the carotid sinus 
impulses does not impair the vascular response to tilting. In fact the 



95 


CIRCULATORY RESPONSE TO GRAVITY 

average recovery is slightly greater than in the normal animal. After 
section of the vagi, the degree of recovery is significantly less than in the 
controls, although the initial fall is almost identical. Removal of the 
carotid sinus impulses with the vagi cut d imin ishes the recovery slightly 
but not significantly. 

The average initial fall is similar in all four groups, so this is not 
affected by removal of the pressor receptors. It would appear that the 
aortic depressors are more important in compensating for the effects of 
gravity than the carotid sinus. Since the only practical method of 
dividing all the aortic depressor fibres is to cut the main vagus trunks, it 
is possible that other mechanisms involved in the vascular reaction to 
gravity have been abolished by removing the afferent and efferent nerve 
paths carried in the vagus trunk. 

It is concluded that in the cat, there are other and more important 
mechanisms than the pressor receptor nerves involved in the vascular 
response to gravity. 

Summary 

1. The effects of gravity on the blood pressure have been studied in 
120 cats. 

2. There is considerable variation in the effect, either a rise of blood 
pressure, no change, or more commonly, a fall with different degrees of 
recovery in the f.d. position. 

3. The fall of blood pressure increases with decrease in the initial 
blood pressure. 

4. Repeated experiments on the same animal produce a greater fall 
of pressure even at the same initial level of blood pressure. 

6. Removal of the carotid sinus impulses does not affect the response. 

6. Section of the aortic depressor nerves decreases the degree of 
recovery. 

7. There is an average greater fall of pressure with smaller recovery 
of blood pressure in males than females. 

8. Weight does not affect the response, except that there is a smaller 
fall in the lightest animals. 


Iam greatly indebted to Prof. HcDowall for his advice and help in canying out this 
rk; to Prof. H. Barcroft for his advice in the presentation of the results. The first part 
of this work was carried out as a Bovril Research scholar at King’s College, London. 
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THE RENAL EXCRETION OF INULIN AND 
CREATININE BY THE ANAESTHETIZED DOG 
AND THE PUMP-LUNG-KIDNEY PREPARATION 

By J. A. SHANNON and F. B, WINTON 
Department of Physiology, New York University College of Medicine, 
and the Physiological Laboratory, Cambridge, England 

( Received 8 November 1939) 

Tee evidence in favour of regarding the inulin plasma clearance as an 
accurate measure of glomerular filtration rate in normal animals has 
recently been reviewed by Smith [1937]. The primary aim of the present 
enquiry was to (determine whether or not this concept could be extended 
to include the dog’s isolated kidney perfused with defibrinated blood 
from a pump-lung circulation. To decide this question we have compared 
the inulin and creatinine clearances, which aTe identical in the normal 
animal [Shannon, 1935, 1936; Yan Slyke, Hiller & Miller, 1935; Richards, 
WestfaU & Bott, 1936]. We have made this comparison under a variety 
of conditions in the isolated kidney, and for reasons which will be 
apparent have extended our observations to the dog anaesthetized with 
chloralose. 

In the anaesthetized, as in the normal dog, simultaneously determined 
inulin and creatinine clearances were found to be substantially the same. 
They differed significantly, however, in the isolated kidney excreting a 
concentrated urine. Further experiments were performed to determine 
the characteristic conditions under which this discrepancy appears. In 
the course of these experiments we have found that the isolated kidney 
differs markedly from that of the normal or anaesthetized animal in the 
extent to which the rate of glomerular filtration affects the fraction of 
filtered water which is reabsorbed. 

Methods 

The pump-lung perfusion arrangements were those used by Whittaker 
& Winton [1933], Before connecting the kidney, inulin and creatinine 
were added to the defibrinated blood in amounts sufficient to yield 
concentrations of 150-200 and 20 mg./lOOc.c. plasma respectively, and 
these concentrations were kept as steady as possible by an infusion 
replacing the amounts of these substances as they were lost in the urine. 
th. xcvm. _ 
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Whenever the conditions were changed, time was allowed for eno 
urine to be formed, at least 3 c.c., to ensure complete washing oui 
previously formed urine, and then urine samples were collected diu 
two or three consecutive periods under the same conditions. 

The observations on anaesthetized dogs were performed after induct 
with chloroform and ether followed by intravenous injection of 0 - l g.j 
chloralose. The left kidney was denervated and freed from all except 
vascular attachments, the walls of the vessels being stripped; the un 
was cannulated just beyond the pelvis. The right renal pedicle 1 
ligated so as to reduce changes in the blood due to urine formation, 
adjustable clamp was placed on the aorta just above or below 
diaphragm, and the arterial pressure was recorded from the feme 
artery. A concentration of 150-200 mg. of inulin and of 20 mg. 
creatinine per 100 c.c. plasma was first produced by intravenous inject 
and then held about constant by continuous infusion. 

Blood samples were withdrawn at the time when the collection 
the urine sample was begun, for owing to the dead space in the Iddi 
when the rate of urine formation is low this procedure is more liki 
to yield plasma concentrations comparable with those of the urine sam 
than would collection of a mid-period sample of blood. Errors due 
the timing of the blood sample were negligible as the plasma concent 
tian was usually kept fairly steady and the periods were of short duratii 
The chemical methods used for the determination of inulin a 
creatinine were described by Shannon [1935, 1936]. 

The blood samples were centrifuged immediately upon withdraw 
oxalate being added as the anticoagulant in experiments on anaesthetic 
dogs. The plasma was diluted as soon as centrifuged and its precipitatr 
completed at the end of the experiment. The volume of each urine samj 
was read to 0-05 c.c. and the urine flow calculated from this value; t 
total amount was immediately diluted to 10 c.c. to prevent precipitate 
of the inulin, and later, on the basis of a preliminary determination 
the creatinine U/P ratio, further diluted so that the creatinine coi 
centration was the same as in the plasma ; it was then precipitated wit 
the same technique as was the plasma. All chemical determinations we: 
done in duplicate and the mean used in the calculation of the clearance 
An extensive series of blank determinations was made. In tl 
pump-lung-kidney preparation there was from TO to 3-0 mg./lOO o.< 
“apparent inulin” in the plasma, while the urine contained negligibl 

1 m J * nH« fl.ontiwinA TWO o iidhoIItt nlirmf. i n no c.( 
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determined at high creatinine plasma levels. The only correction applied 
to the data vras to subtract 2-0 mg./lOO c.c. from the plasma inulin values 
as analysed. This correction resulted in about 1 % change in the inulin 
clearance since the plasma inulin was usually from 150 to 200 mg./lOO c.c. 
In the anaesthetized preparation the plasma contained abont the same 
amount of endogenous creatinine, but the inu l in blank was considerably 
higher, due to the presence of the anaesthetic. In filtrates of urine 
diluted in proportion to the U/P ratio of inulin, the blank attributable 
to chloralose and its derivatives was 2—3 mg./lOO c.c., the corresponding 
plasma filtrates yielding the same or slightly lower values. The total 
inulin blank was 3-5 mg./lOO c.c. in the plasma and 2-4 mg./lOO c.c. in 
the diluted urine. The concentration of endogenous creatinine in plasma 
ranged from 0-8 to 1*1 mg./lOO c.c., the clearance being about the same 
as that of exogenous creatinine at the high plasma levels. We have 
applied no correction to the inulin or creatinine concentrations as 
analysed, as this correction would change the inulin clearance less than 
1 %, there being danger of over-correction, while the creatinine clearance 
would be unchanged. 

Results 

The inulin clearance in the isolated kidney and in the anaesthetized 
animal and the influence of changes in arterial pressure on it. A summary 
of the initial group of periods from the experiments on the pump-lung- 
kidney (blood of normal composition) and the anaesthetized animal is 
given in Table I. The absolute values of the inulin clearance in both 

Table Summary of all experiments to show the magnitude of the inulin clearances 
during the initial group of observations in the pump-lung-iddncy (P-L-K) and the 
chloralosed dog (C-D). The experiments starred are excluded from summaries of the 
data for reasons given in the text. 

Exp. 

no. Preparation 

1 C P-L-K 

2 C P-L-K 

3 C P-L-K 

9 C* P-L-K 

IOC P-L-K 

11 C P-LK 

12 C* P-L-K 

13 C P-LK 

15 C P-L-K 

13 C P-L-K 

•1C C-D 

5C C-D 

SC C-D 

"C C-D 

SC C-D 

7—2 


nimal 

Xo. of 

Perfusion or 

eight 

observa- 

blood pressure 

fcg- 

tions 

mm. Hg 

9-0 

o 

125 

10-0 

3 

73 

8-5 

2 

100 

9-5 

2 

109 

7-5 

3 

66 

9-5 

3 

165 

9-0 

2 

101 

9-5 

3 


8-5 

3 

201 

9-0 

ll-O 

3 

3 

210 

131 

12-0 

3 

160 

9-5 

3 

142 

10-5 

3 

119 

13-5 

3 

195 


c.c./kg./min 

0-635 

0-722 

0-897 

0-121 

0-757 

0-625 

0- 314 
0-628 

1- 52 

1- 85 

2 - 00 
1-46 
1*00 
1*25 
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preparations are clearly well below those obtained in the normal animal. 
Most published work on the perfused kidney shows the same discrepancy. 
The average rate of glomerular filtration in normal dogs on a mixed diet 
is 94 c.c./min./sq. m. of body surface [Smith, 1937, p. 262]; i.e. for dogs 
of from 8 to 12 kg. of body weight, about 2*3 c.c./min./kidney/kg. The 
figures in the table show that clearances in the isolated kidney do not 
approach those in the normal dog even at high perfusion pressures. In 
the anaesthetized animal the clearances are midway between the normal 
animal and the isolated kidney, but this may well be due to uncon- 
trollable variables such as operative trauma, blood loss, the rate of 
intravenous fluid administration, and the presence of anaesthetic in the 
animal, factors which may drastically affect the circulatory adjustment 
and, even in the absence of renal innervation, the rate of glomerular 
filtration. 

The effect of change in arterial pressure on the inulin clearance is not 
very different in the two preparations, 0-7 c.c./min./kg./lOO mm. Hg 
change in pressure in the anaesthetized animal, and 0-6 o.c./min./kg./ 
100 mm. Hg in the isolated kidney. The difference in the two preparations 
can be attributed to the lower absolute clearances in the isolated organ. 
There is a quantitative difference in the effects of lowering and raising 
the arterial pressure in the isolated kidney, whereas in the anaesthetized 
a nim al the change in inulin clearance with change in pressure seems 
perfectly reversible. In all seven isolated kidneys subjected to both 
procedures, the change in clearance was relatively greater for a reduction 
than for an increase in pressure. Although this effect was larger m 
experiments in which the reduction preceded the increase, it was also 
present in three experiments in which the increase preceded the reduction. 
Lowering the pressure produced a mean of 0-75 c.c./min./kg./lOO mm. Hg. 
Raising the pressure produced one of 0-45 c.c./min./kg./lOO mm. Hg. 

Two of the eleven isolated kidneys (9 C and 12 C, Table I) were 
regarded as too atypical to justify inclusion of the results obtained from 
them in the final analysis of the data. One was very tense in situ, 
about double the weight usual in a dog of its size, had two to three 
times the usual blood flow and showed an inulin clearance in its initial 
group of periods of only a small fraction of the usual value. The other 
kidney suffered from our employing a technique of excision substantial^ 
different from that usually employed; its inulin clearance dunng the 
initial group of periods was also very low. 
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Creaiininejimilin clearance ratio 
Xo significant difference was found in the creatinine/inulin clearance 
ratios in observations on sis choralosed dogs. The details of a single 
experiment are given in Table II, and a summary of all the experimental 

Table IL An experiment on a dog anaesthetized with chloralose showing the effect of 
changes in renal arterial blood pressure on the clearances of innlin and creatinine. 

The fraction of 'water reabsorbed is almost independent of the amount filtered. 

Erp. 7 C. Weight 10-5 kg. Kidney weight 35 g. 10.30 a.m., chloralore 100 mg.fkg. 
after preliminary induction with ether and chloroform mixture. 11. 00-11 A0 a.m. 
abdomen opened, left kidney denervated and ureter cannnlated, right renal pedicle 
tied off. Artificial respiration started and clamp attached to lower part of thoracic 
aorta. 11.50 a.m. innlin 2-5 g. and creatinine 1-0 g. intravenously in 15 c.c. of saline 
and an intravenous infusion of innlin 8-0% and creatinine 1*0% continued to end of 
experiment at the rate of 0-33 c.c./miiL. 

Plasma level Clearance 

VoL < ' , / * v Clear- Blood 




Dura- 

of 

In. 

Or. 

UfP ratio 

In. 

Cr. 

ance 

pressure 



tion 

sample 

/o 

>0 

/ 

\ 

c.c./ 

c.c./ 

ratio 

mm. 

Period 

Time 

mm. 

C.C. 

In. 

Cr. 

min. 

min. 

Cr./In. 

Hg 




Blood pressure existing in animal 132 

-100 




1 

12.50 

S 

1-5 

127 

19-5 

86-6 

85-5 

16-3 

16-1 

0-99 

132 

2 


S 

1-1 

130 

18-8 

80-4 

82-1 

11-0 

11-2 

1-02 

125 

3 


8 

1-1 

132 

19-1 

88-0 

86-9 

12-1 

11-9 

0-9S 

100 




Spontaneous fall in blood pressure 80-SS 

mm. Hg 




4 

1.15 

15 

0-6 

139 

19-4 

155 

150 

6-20 

6-0 

0-97 

80 

5 


15 

1-2 

150 

18-7 

103 

109 

8-64 

8-72 

1-01 

SS 





Aortic clamp tightened 60-52 mm. Hg 




G 

2.05 

17 

0-8 

lo/ 

1S-7 

116 

114 

5-45 

5-36 

0-93 

60 

7 


17 

1-2 

164 

19-2 

111 

111 

7-S4 

7-84 

1-00 

52 

S 


17 

0-9 

177 

20-0 

96-3 

90-5 

5-11 

4-80 

0-94 

52 





Aortic clamp removed 125-115 mm. Hg 




9 

2.59 

9 

1-0 

171 

19-8 

134-0 

128 

14-9 

14-2 

0-95 

125 

10 


9 

1-1 

169 

19-4 

99-4 

99-3 

12-1 

12-1 

1-00 

120 

11 


9 

0-9 

15S 

18-6 

130-0 

128 

13-0 

12-S 

0 93 

115 


IrL=mulm; Cr. = creatinine. 


observations in Fig. 1. The mean creatinine/inulin clearance ratio of this 
series was 0-985 with a standard error of ±0-023 (43 observations). This 
ratio is not significantly different from unity, and the creatinine and 
mulin clearances may be taken as identical in the anaesthetized dog as 
they are in the normal dog. 

In the nine isolated kidneys, however, the simultaneously observed 
creatinine and inulin clearances were not always the same, as shown in 
Fig. -2. Up to a U P ratio of about 40 there was a rough correspondence 
between the two, the mean ratio being 1-005 ±0-03 (64). At higher U/P 
ratios the creatinine clearance was systematically lower than the innlin 


Creatinine/inulin clearance ratio g Creatinine/inulra clearance ratio 



40 80 120 

Inniin U/P ratio 


1. Chart showing the relation between the creatinine/inulin clearance ratio and the 
U/P ratio of inniin in the kidney of the anaesthetised dog. Each point represents 
the ratio of creatinine clearance to the simultaneously determined inulin clearance 
in a single experimental period. The broken line represents a creatinine/inulin clearance 
ratio of 1-00. 



TnnTrn U/P ratio 

Fig. 2. Chart showing the relation between the creatinine/inulin clearance ratio and the 
U/P ratio of inulin in pump-lung-kidney preparations. Each point represents the ratio 
of creatinine clearance to the simultaneonsly determined inulin clearance in a single ex- 
perimental period. The broken line represents a creatinine/inulin clearance ratio of 1-00. 
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clearance, the mean ratio of this group being 0-86 ±0-06 (28). Detailed 
results of our observations on one of the isolated kidneys are given m 
Table III, which shows the discrepant innlin/creatinine clearance ratio 
characteristic of the high inulin U/P ratios. 

Table HI. Pump -tang-kidney experiment (13 C) showing the effect of changes of perfusion 
pressure on the absolute clearances of inulin and creatinine, their ratio, and the extent 
of water reabsorption. Kidney weight, 40-5 g. Blood detoxicated by circulation 
through lungs 10.30 a.m. to 12.00 noon. Kidney attached 12.00 noon, first penod 
started 1.10 p-m. Perfusion fluid 1 L of defibrinated blood to which 1-8 g. of inulin 
and 0-3 g. of creatinine had been added. Throughout the experiment a solution of 
4-0 % in ulin and 0-5 % creatinine was added at the rate of 0-2 c.o./min. at low perfusion 
pressures and 0-4 o.c-/mta. at high pressures. 


Period 

Time 

VoL 
Dura- of 
tion sample 
min. c.c. 

Plasma level Clearance 

f A t K ^ 

In. Cr. U /P ratio In. Cr. 

mg. mg. ( — ~ — A — \ c.c./ c.c./ 

% % In. Cr. min. mta. 

Clear- 

ance 

ratio 

Cr./In. 

Blood 
flow 
0.0 ./ 
mta. 

Inulin 

extrac- 

tion 

ratio 

1 

1.10 

15 

0-70 

Perfusion pressure average 77 mm. Hg 

161 22-5 129 108 6-01 6-04 

0-84 

164 

0-078 

2 

16 

0-80 

156 23-1 124 100 6-61 6-33 

0-81 

164 

0-086 

3 


15 

0-65 

153 22-6 123 93 5-33 4 03 

0-76 

168 

0068 

4 

2.08 

2 

2-2 

Perfusion pressure average 190 mm. Hg 

168 22-8 14-3 14-1 16-7 15-6 

0-99 

286 

0111 

5 


2 

2-4 

156 21-9 13-2 13-4 15-8 16-1 

1-02 

289 

0-109 

0 


2 

2-6 

162 21-9 12-0 11-8 15-6 16-3 

0-98 

289 

0-108 

7 

3.03 

15 

0-5 

Perfusion pressure average 78 mm. Hg 

137 20-4 161 138 6-37 4-60 

0-86 

230 

0-047 

8 


15 

0-45 

136 20-4 164 129 4 4-60 3-87 

0-84 

228 

0-040 


In.=taulin; Cr. = creatinine. 


Creatininejinulin clearance ratios during forced diuresis 

These were examined in order to determine whether the creatinine 
deficit which appeared at low arterial pressures and the consequent low 
urine flows and high U/P ratios was definitely related to one of these 
three variables. We have specifically examined these relationships in six 
experiments. In these a first group of periods at a low arterial pressure 
yielded a discrepant creatinine/inulin clearance ratio; urea or sulphate 
diuresis was then induced with consequent removal of the discrepancy; 
m the third group of periods the perfusion pressure was lowered to a 
value which restored the uriue flow to or below the value obtained in 
the first group of periods. The third group of experimental periods differed 
from the first in that it showed much lower U/P ratios and no discrepancy 
whatever m the creatinine and inulin clearances. A typical experiment 



Creatinine/inulin clearance ratio 


MO 


ANAESTHETIZED DOG 


too 


0-901 


0-80 




40 80 120 
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Fig. 1. Chart showing the relation between the creatinine/iimlin clearance ratio and the 
U/P ratio of inulin in the kidney of the anaesthetized dog. Each point represents 
the ratio of creatinine clearance to the simultaneously determined inulin clearance 
in a single experimental period. The broken line represents a creatinine/inulin clearance 
ratio of 1-00. 
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Fig. 2. Chart showing the relation between the creatinine/inulin clearance ratio and the 
U/P ratio of innlin in pump-lung-kidney preparations. Each point represents the ratio 
of creatinine clearance to the simultaneously determined inulin clearance in a single ex- 
perimental period. The broken line represents a creatinine/inulin clearance ratio of 1-00. 
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clearance, the mean ratio of this group being 0-86 ± 0-06 (28). Detailed 
results of our observations on one of the isolated kidneys are given in 
Table HI, which shows the discrepant inulin/creatirdne clearance ratio 
characteristic of the high inulin U/P ratios. 

Table TTT Pump-lung-kidney experiment (13 C) shearing the effect of ohanges of perfusion 
pressure on the absolute clearances of inulin and creatinine, their ratio, and the extent 
of water reabsorption. Kidney weight, 40*5 g. Blood detoxicated by circulation 
through lungs 10.30 a.m. to 12.00 noon. Kidney attached 12.00 noon, first period 
started 1.10 p.m. Perfusion fluid 1 L of defihrinated blood to which 1*8 g. of inulin 
and 0*3 g. of creatinine had been added. Throughout the experiment a solution of 
4 0% inulin and 0*5% creatinine was added at the rate of 0-2 c.c./min. at low perfusion 
pressures and 0*4 c.c./min. at high pressures. 






Plasma level 


Clearance 







Yol. 

, K ■> 


, * > 

Clear- 

Blood 

Inulin 



Dura- 

of 

In. Cr. 

U/P ratio 

In. Cr. 

ance 

flow 

extra o- 



tion sample 

mg. mg. 

, * , 

C.C ./ C.0 ./ 

ratio 

o.c./ 

tion 

Period 

Time 

min. 

C.C. 

% % 

In. Cr. 

min. min. 

Cr.fln. 

min. 

ratio 





Perfusion pressure average 77 mm. Hg 




1 

1.10 

15 

0-70 

161 22*5 

129 108 

6-01 6-04 

0-84 

164 

0-078 

2 


15 

0*80 

156 23*1 

124 100 

6-61 6-33 

0-81 

154 

0-086 

3 


15 

0*65 

153 22*6 

123 93 

6-33 4-03 

0-76 

158 

0-068 





Perfusion pressure average 190 mm. Hg 




4 

2.08 

2 

2*2 

158 22*8 

14-3 14-1 

15-7 15-6 

0-99 

285 

0-111 

5 


2 

2*4 

155 21*9 

13-2 13-4 

15-8 16-1 

1-02 

289 

0-109 

0 


2 

2*6 

152 21-9 

12-0 11-8 

16-6 15-3 

0-98 

289 

0-108 





Perfusion pressure average 78 mm. Hg 




7 

3.03 

15 

0*5 

137 20-4 

161 138 

5-37 4-60 

0-86 

230 

0-047 

8 


15 

0*45 

136 20-4 

154 129-4 

4-60 3-87 

0-84 

228 

0-040 


In. =inulin; Cr. = creatinine. 


Creatinine jinulin clearance ratios during forced diuresis 

These were examined in order to determine whether the creatinine 
deficit which appeared at low arterial pressures and the consequent low 
urine flows and high U/P ratios was definitely related to one of these 
three variables. IVe have specifically examined these relationships in six 
experiments. In these a first group of periods at a low arterial pressure 
yie ded a discrepant creatinine/inulin clearance ratio; urea or sulphate 
uresis was then induced with consequent removal of the discrepancy; 
m t e third group of periods the perfusion pressure was lowered to a 
value which restored the urine flow to or below the value obtained in 
ie rst group of periods. The third group of experimental periods differed 
rom e . in that it showed much lower U /P ratios and no discrepancy 
a ever m the creatinine and inulin clearances. A typical experiment 
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Table IV. An experiment showing the difference in the creatinine/innlin clearance ratio 
at the same urine flow, in the presence and absence of extensive water reabsorption. 
Exp. 10 C. Weight 7-6 kg. Kidney weight 35-6 g. Blood detoxicated by circulation 
through lungs 10.30-11.35 a.m. Kidney attached 11.35 a.m. First period started 
12.45 p.m. Perfusion fluid was 1 1. of defibrinated blood to which 1-8 g. of innlin and 
0-3 g. of creatinine had been added. Throughout the experiment a solution of 4'0% 
innlin and 0-5 % creatinine was added at the rate of 0-2-0-4 c.c./min. The fall in plasms 
concentrations initially observed is due to irregular additions in the early part of the 
experiment. The fall of plasma creatinine, however, is the same order of magnitude 
as that of inulin. 3-6 g. of urea were added at the end of period 3. 


Period Time 


12.45 


1.66 


7 2.50 

8 


Plasma level Clearance 



Vol. 



-A ^ 


( 

— -*> ^ 
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flow 
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tion 

sample 
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mg. 

A 
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0.0. 

0/ 

/o 
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In. Cr. 

min. 

min. 

Cr./In. 

min. 
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Perfusion pressure average 66 mm. Hg 




10 

0-80 

170 

21-9 

115 105 

6-75 

5-25 

0-91 

146 

0-079 

16 

0-60 

150 

20-5 

140 lie 

5-25 

4-35 

0- 83 

150 

00.58 

16 

0-75 

127 

18-5 

129 109 

0-03 

5-10 

0-85 

107 

0-072 


Perfusion pressure average 69 mm. 

Hg, urea added 




4 

2-4 

189 

25-5 

11-80 12-10 

7-08 

7-26 

1-03 

104 

04)89 

4 

2-6 

186 

24-7 

9-35 10-30 

6-08 

0-70 

1-10 

170 

0 072 

4 

3-3 

182 

24-4 

8-66 9-39 

7-14 

7-79 

109 

177 

0-0S1 



Perfusion pressure average 52 mm. 

Hg 




10 

0-60 

193 

24-1 

31-0 33-2 

1-16 

1-24 

107 

146 

0-014 

16 

0-50 

185 

24-1 

37-3 39-3 

1-16 

1-23 

1-00 

150 

0-015 


In. =inulin; Cr. - creatinine. 


of this kind is described in Table IV. Tbe remaining five gave similar 
results. It is evident, therefore, that a low creatinine/inulin clearance 
ratio is essentially associated with a high inulin U/P ratio and not with 
a low arterial pressure or a low urine flow. 


Discussion 

The evidence derived from the observations on normal dogs in favour 
of the view that the inulin clearance is a measure of glomerular filtration 
rate applies, so far as the identity of the inulin and creatinine clearances 
is concerned, with equal force to the anaesthetized dog. This is true also 
of the isolated kidney at the low U/P ratios, but its significance is 
somewhat lessened by the fact that there is a discrepancy in the clearances 
at high TJ/P ratios in this preparation. In the light of the evidence 
available on both normal and anaesthetized animals we may safely 
attribute this discrepancy to the reabsorption of creatinine, or of pro- 
portionately more creatinine than inulin, rather than to the secretion 
of inulin [see also Richards, Bott & Westfall, 1938], 
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It seems fairly certain that the deficit in the creatinine clearance 
(i.e. inulin clearance minus creatinine clearance) is not dne to the loss 
of urinary creatinine by a process of simple passive diffusion. The 
dissipation of a concentration gradient by a process of passive diffusion 
will be determined by two factors, the properties of the permeable surface 
and the time available for such diffusion to occur. The tubular per- 
meability may be considered constant under the conditions of the 
experiments which specifically test whether passive diffusion is the 
mechanism responsible for the creatinine reabsorption. The time available 
for diffusion processes to proceed is determined by the rate of flow of 
tubular urine from its site of entrance to the site of exit from the tubule. 
When this time is reduced, as in pressure diuresis (Table III) or urea 
diuresis (Table IV) the creatinine deficit disappears. When the time is 
increased, however, the deficit does not necessarily reappear, as shown 
when urea diuresis is counteracted by a reduction in arterial pressure. 
In Table IV, for example, the time available for diffusion processes to 
take place was greater in the test periods, where water reabsorption was 
blocked (i.e. periods 7-8) than in the control periods (i.e. periods 1-3). 
In the test periods the rate of flow in the proximal portions of the 
tubules was lower since the rate of glomerular filtration was lower, and 
in the distal portions, about the same, since the rate of exit (i.e. the 
urine flow) was about the same. The time for diffusion processes to take 
place in the test periods was therefore at least as long as in the control 
periods. It is clear, therefore, that prolonged contact with the tubular 
wall will not by itself result in the preferential reabsorption of creatinine, 
that the reabsorption of creatinine occurs only when the tubular re- 
absorption of water approaches completeness, and that simple passive 
diffusion is not the mechanism of this loss since the time of contact is 
not a primary determinant of its extent. We do not suggest that the 
creatinine reabsorption is active in the sense of glucose reabsorption, 
but that the creatinine lost may be an incidental constituent of some 
of the reabsorbed fluid, when the tubular reabsorption of water approaches 
completeness. 


This conclusion suggests that the process of water reabsorption in 
the isolated kidney is controlled by limiting factors which are different 
from those in the kidney of the normal or anaesthetized animal The 
contrast between the isolated organ and the organ in the anaesthetized 
animal is shown in Fig. 3, in which the inulin U/P ratio is plotted against 
be inulin clearance, the latter being varied by variation in perfusion 
Pressure. \\ e cannot accept with confidence the inulin clearance and its 



Inulin U/P ratio 
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HfP ratio as absolute measures of water filtered, and the fraction 
reabsorbed in the isolated kidney. However, any error resulting from 
the reabsorption of innlin would tend to diminish the significance of the 
contrast portrayed in Fig. 3 rather than be responsible for it. These data 
demonstrate that in the isolated kidney the fraction of filtered water 
reabsorbed is largely dependent upon the absolute rate of glomerular 
filtration; whereas in the anaesthetized dog the rate of filtration appears 
to be of much less importance in this relation. Two factors are conoemed 



5-0 100 15-0 5-0 100 150 20-0 

Inulin clearance c.c. per minute 


Fig. 3. Chart showing the relationship between rate of water filtration (innlin clearance) 
and fraction of the total reabsorbed (inulin U/P ratio) as observed in the pump-Jnng- 
kidney and the kidney of the anaesthetized dog. Changes in filtration have been 
produced by changing perfusion pressure. Each point is the mean of two or three 
consecutive periods observed under a single set of experimental conditions. The lines 
connect tho groups of observations in single experiments in the sequence in wbicb 
they were obtained. 

in determining the fraction of filtered water reabsorbed, first the com- 
position of the plasma, and secondly, the osmotic load in the tubular urine 
in terms of its total osmotic pressure or that of certain specific osmotically 
active substances. In the anaesthetized dog the time available at normal 
filtration rates is sufficient to allow the osmotic load in the tubules to he 
the preponderating control over the fraction of water reabsorbed, since 
increasing the time by lowering the rate of glomerular filtration does 
not greatly increase the final degree of concentration (i.e. the U/P ratio). 
Similar data have been obtained on the transplanted kidneys of otherwise 
normal unanaesthetized animals [see Table I, Levy, Robinson & Blalock, 
1938]. In the perfused organ with defibrinated blood of normal com- 
position there would seem to be no osmotic factor limiting water re- 
absorption ; this may be due to the hyperactivity of chloride reabsorption 
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in this preparation [Starling & Vemey, 1925]. In such circumstances one 
might expect a progressive increase in the fraction of filtered water which 
is reabsorbed, when the time for this process is prolonged by lowering 
the filtration rate. In the isolated kidney the system is not, therefore, 
approaching a limiting equilibrium. This process in the isolated kidney 
may, however, actually arrive at the complete reabsorption of water and 
contained solutes if the ureter pressure be raised or the arterial pressure 
lowered far enough [Vinton, 1937]. If an osmotic load is placed on an 
isolated kidney by adding sufficient sulphate or urea to the perfusion 
fluid and hence to the tubular fluid, a change in the amount of water 
filtered per unit time has a relatively small effect upon the fraction 
reabsorbed, as in the kidney in the normal or anaesthetized dog. 

To the abnormality of the isolated kidney described by Starling & 
Vemey [1925], i.e. the hypotonicity of the urine, must now be added 
the two abnormalities described above, the low creatinine/inulin clearance 
ratios at high U/P ratios and the low values of the absolute inulin 
clearances. The discrepant creatinine/inulin clearance -ratio may be 
related to the low chloride concentration in the urine f'Jf reasons given 
above, and recalls a similar discrepancy in human patients in diabetic 
coma described by McCance & Widdowson [1939], especially as in these 
cases the urine also had an abnormally low chloride content. The low 
values of the inulin clearances may be due in part to loss of tone of 
the vasa effeientia, since the blood flow through the isolated kidney is 
rather high and minimal effective concentrations of (adrenaline lower the 
blood flow but increase the urine flow by constricting the vasa efferentia 
[Vinton, 1931]. \ 

Summary ( 

1. The extension of the evidence in favour of regarding the glomerular 

filtration rate as equal to the inulin clearance from normal dogs to 
anaesthetized dogs and to isolated kidneys has been, investigated by 
comparing the creatinine and in ulin clearances. \ 

2. As in normal dogs, the creatinine and inulin clearances are the 

same in anaesthetized dogs over a range of U/P ratios Lm 22 to 196 
(Fig. 1). In the isolated kidney they are the same only at low U/P ratios, 
up to about 40, the creatinine clearance falling to about 85 \ of the 
inulin clearance in the higher range of inulin U/P ratios of froin 65 to 
159 (Fig. 2). \ 

3. So far as the identity of the creatinine and inulin clearance/, is 
concerned, the evidence for using them as a measure of the glomerular 
nitration rate is as good in the anaesthetized dog as in the normal animal. 
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In the pump-lui] g-kidney their use for this purpose is certainly invalid 
at high U/P ratios, and possibly so at low U/P ratios. 

4. The creatinine clearance is lower than the in ulin clearance only 
when the U/P ratio is high, not when at a correspondingly low artenal 
pressure and low urine flow the U/P ratio is prevented from rising by 
increasing the urea content of the blood. This, it is argued, precludes the 

'^.creatinine deficit being solely due to reabsorption by passive diffusion. 

5. The influence of arterial pressure on the clearance is not very 
different in the two preparations, 10 mm . Hg producing about an 8% 
change in the clearance in the normal range of arterial pressure (about 
120 mm. Hg). 

6. A given change in clearance produces three or four times the 
change in inulin U/P ratio in the isolated kidney than it does in the 
denervated kidney in situ (Pig. 3) unless urea or sulphate is acting upon 
the former. This is attributed to the abnormally low osmotic load of the 
tubular contents due to overactivity of chloride reabsorption in the 
isolated kidney. 
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INTRODUCTION / 

1? the hindlegs of a frog are perfused with 3 % gum acacia hi Ringer solu- 
tion, the capillaries dilate, and the capillary walls becom/ permeable to 
protein, so that a rapid oedema develops. The melanopho/es contract also, 
and no doubt other changes occur in the tissues, since perfusion tends to 
remove the whole of the intricate system of hormones/ enzymes, etc., of 
the plasma which maintain normal equilibrium. In tins paper attention 
is focused on the nature of the change in capillary permeability. Krogh 
[1929] has taken the attitude that capillary dilation is a phenomenon 
essentially linked with increased permeability; but on this point, as on 
most of the other points concerned, the evidence in the literature is 
contradictory. 

In 1921 Krogh & Harrop found that the addition of defibrinated ox 
blood to 3% acacia prevents capillary dilation. Krogh [1924] suspected 
that pituitrin was responsible for maintaining normal capillary diameter 
and permeability. Dale [1926] took the contrary view. Drinker [1927] 
found that pituitrin had no action in preventing dilation and oedema, 
but that with 20% horse serum added to 3% acacia, both dilation and 
oedema were prevented. Krogh [1929], using a 33 % suspension\>f ox red 
cells in 3% acacia, found that the capillaries are dilated, but that there 
is no oedema. Saslow [1938] confirmed Drinker’s observation that Wnm 
will prevent dilation, bnt could not confirm Drinker’s observationthat 
oedema is also prevented. Saslow found that 19-24% ox red cells 'in 
acacia will stop oedema but not dilation, and that with red cells in serum 
neither oedema nor capillary dilation are found. ' 

1 Beit Memorial Medical Research PeBow. 
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In view of these contradictory observations it is necessary to restndy 
the field completely. 


Theoketioal considerations 

Landis [1934] has shown that in the frog there is a considerable fall 
in pressure between the arteriolar and venular ends of the capillary 
network, and the c.o.p. (colloid osmotic pressure) of frog serum lies 
^between the pressures at the two ends of the network, as is demanded by 
Starling’s [1896] hypothesis of the relations between perfusion pressure, 
colloid osmotic pressure and lymph formation. At the arteriolar end of 
the capillaries under these conditions, a fluid containing all the non- 
colloidal constituents of the serum is filtered out through the capillary 
wall, under the driving force of the difference between the pressure m 
the capillary, and the o.o.p. of the serum. Over the venular end of the 
capillaries, where the capillary pressure is less than the serum c.o.p., 
fluid returns to the capillaries. According to Churchill, Nakazawa & 
Drinker [1927], the capillaries of the frog are normally slightly permeable 
to protein, so that complete recovery of the lymph does not occur at the 
venular end of the capillaries, and the residuary lymph is returned to the 
general circulation by the lymph hearts. We shall now obtain a general 
relationship between the c.o.p. of the serum, the perfusion pressure, etc., 
and the permeability of a capillary system slightly permeable to protein. 

Assume that the capillary is a tube XZ of uniform diameter and of 
length l (Fig- !)■ At Y the c.o.p. of the serum is equal to the capillary 
pressure. The distance XY is l'\ Assume also that the protein-permeable 
pores are evenly distributed through the whole length of the capillary. 
Then for a homogeneous solution the pressure gradient through the 
capillary will be linear in the state of steady flow. Let 

R =rate of accumulation of fluid in the tissue; 

A x =rate of filtration of fluid through pores permeable to protein; 

= rate of filtration through remaining pores over the length XY', 

i? 3 = rate of back-filtration through remaining pores over the length 

YZ; 

if 4 = rate of back-filtration due to return of protein from the lymph 
to the capillaries; 

P a = pressure at the arteriolar end of the capillaries ; 
i P v = pressure at the venular end of the capillaries ; 

' jp = c.o.p. of the serum; 

p' = c.O.P. of the lymph at Z. 
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Assume also that the flow thiough a pore is proportional to the 
pressure difference between the two ends of the pore. Then we have 


R 1 =(*^)IA, (1) 

where A is a constant. . p , 


but 


V 


l 


P a -P~P a -Pv’ 

7 ? _ (Pg~P^ If} 

"*“2 {P„-Pv) ’ 


( 2 ) 


where B is a constant. It is assumed here that the rate of filtration of 
protein is low, so that the value of the c.o.p. of the lymph may be 



neglected over the length XY. Over the length YZ the c.o.p. of the 
lymph is assumed to rise linearly from zero at Y to a value p' at Z. This 
wifi be approximately true if R^ is small compared with R 2 , and p is not 
very large. Then 




(3) 
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assuming that the rate of filtration is the same in passing from lymph to 
serum as from serum to lymph (i.e. B is the same constant in both cases). 
In obtaining R R 2! R a> the variation of p with distance down the 
capillary has been neglected. 

will be mainly determined by the diff usion coefficient of the 
colloids, and will be very small. Judging from the observations of 
Landis [1927, 1928] the rate is so small as to be negligible, so that 

-K 4 = 0. ( 1 ) 

Then the rate of accumulation of fluid is 


R — + R% -j- i? 3 -f- R t 


=m Lv ) iA + 


(Pg-P)' 

2(Pa-Pg) 


IB- 


-<y-iW)[l-££l 


IB 
2 • 


( 5 ) 


(5) could be simplified if there were a general relationship between p 
and p' . Under the conditions of the experiments reported here this 
appears to be the case. For haemoglobin perfusates containing from 2 to 
7 % Hb, the concentration of haemoglobin in the oedematous fluid found 
between the skin and muscles after a long perfusion was found, by 
colorimetric methods, to contain about half the amount of haemoglobin 
in the perfusate. This suggests that there is a linear relationship between 
p and p'. But p cannot be greater than (p — P v ), and when p=P v ,p'-®- 
Hence, if the relationship is linear we have p' = k (p — P v ), where k is a 
constant. Then (5) becomes 
'P a + P< 


s-( 4 r')w+ 


2 (P, 


(2P a - 2P V + 2kP v )} + l ^0pf^ 


=xp 2 —yp+z, 


( 6 ) 


where 


z = 


list 


2 (Pa-Pv)’ 
IB 


2 (P a — P v ) 
fPg + P , 




[2P c -2P v + 2kP p ], 
IB {PJ-Pp + kPJ) 


2 (P a -Pr) 


x, y, and 2 are constants if P a , P*> B, and k are constant. Equations 
(5) and (6) unll not be true for large values of p. 

In deducing (5) and (6), two assumptions, that p'eaO, and that p u 
independent of l, have been made; these cannot simultaneously be true 
unless the total interchange of fluid through the capillary walls is small 
compared with the rate of flow from one end of the capillary to the other. 
If p is small the rate of oedema development is determined mainly by the 
term in equation (6) which does not contain p, and hence compliance with 
these assumptions is relatively unimportant. But when p is large the 
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terms in p and f are important, and these assumptions also attain 
increasing importance. In the limiting case where p is very large and the 
rate of development of oedema is very large, equation (6) must break 
down. Rough calculations suggest that, in terms of the units of c.o.p. 
used in this paper (given later), this source of error becomes serious for 
values of p of 10 or more. 

If the capillaries are impermeable to protein, p'— 0, and A—0, in 
which case (5) reduces to 

(I) 

Rrom a comparison of (6) and (7) it will be seen that permeability to 
protein introduces extra terms in p, and a new term in jP. Frog capil- 
laries are not sufficiently impermeable to protein and resistant to high 
values of P a for equation (7) to be tested, but equation (6) will be used 
in the present paper. Agreement with (6) shows that the rate of develop- 
ment of oedema is compatible with the simple physical processes des- 
cribed here. But since (6) contains three arbitrary constants, such agree- 
ment cannot be taken as proof that the present analysis corresponds to 
the details of the processes occurring in the tissue. 

When perfusing with red cells it is possible that a fresh factor enters 
into the resistance observed, particularly with contracted capillaries. This 
is friction between the red cells and the capillary walls, such as would be 
met by passing marbles through a tube of their own diameter. This 
frictional effect cannot be accounted for by measuring the bulk viscosity 
of the perfusate. The pressure-gradient curve would, strictly, present 
a series of steps, but if the average gradient is measured over a con- 
siderable length of capillary the pressure gradient will again be linear, 
and equations (6) and (7) will hold for this system also. 

Methods, etc. 

Landis [1927] has used a quantitative method for measuring the 
permeability of individual capillaries, which, however, was unsuitable for 
the experiments contemplated here. Drinker [1927] devised a qualitative 
method of detecting oedema which was also unsuitable. In the present 
work it was found that accurate and rapid measurements could be made 
by weighing a preparation of the hindlegs of the frog at intervals during 
perfusion. Hungarian frogs were used. The abdominal contents were 
removed, with the exception of the kidneys, a cannula inserted in the 
dorsal aorta, and the frog was transected just above the anterior bifur- 
cation of the aorta, the head half being removed. The nerves running to 
ph. xcvm. 
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the legs were usually cut, though not always. The perfusion fluid was 
allowed to issue from the kidneys, the abdo min al vein, or both. The 
arterial pressure was maintained at 14 cm. and the venous pressure at 
2-3 cm. This means that if the perfusion fluids are inert, not causing 
changes in the diameter of the vessels, the flow should vary according to 
the viscosity of the perfusion fluid, and the pressure gradients in the 
circulatory system should be constant. Consequently P„ and P v should 
also be constant. Such conditions were found with, for example, gum 
acacia, but not with, for example, serum. 

The Ringer solution used contained 6-75 g. NaCl, 0-15 g. KC1, 0-2 g. 
CaCl, 0-02 g. Na 2 HP0 4 per litre. Ox serum was centrifuged for 10 min. at 
2000 r.p.m. to remove red cells. It was stored either at 2 or at —10° C. 
Samples from about ten different animals were used. Serum prepared in 
this way contains a considerable quantity of platelet material. Gum 
acacia was prepared by dissolving in Ringer solution, and dialysed against 
large volumes of Ringer, then filtered, after which the pH was adjusted to 
7-2. Ovalbumin was crystallized five times by the method of Larosa[1927], 
and dialysed against Ringer solution. Ox haemoglobin was prepared by 
washing red cells twice with Ringer solution, followed by haemolysis, 
either osmotic or by freezing and thawing. Such haemoglobin contains a 
considerable quantity of more or less disintegrated platelets, and the 
stroma and contents of the red cells, but only a trace of serum proteins. 
Part of the stroma, etc., could be removed by centrifuging for long periods. 
Sheep haemoglobin was prepared either by the simple osmotic process used 
for ox haemoglobin, or crystallized four times by the method of Adair & 
Adair [1934]. The latter method gave a comparatively clean preparation. 
Platelets were obtained from horse blood by a method similar to that of 
Code [1937]. Horse blood was ran into a waxed vessel containing suffi- 
cient 10% potassium oxalate to make the solution 0 - 15% in oxalate. 
The red cells were allowed to settle, the plasma decanted off and centri- 
fuged for 5 min. at 2000 r.p.m. to remove white cells, then for 40 min. 
at 4000 r.p.m. to bring down the platelets, which were resuspended in a 
suitable fluid. - Heparin was used as an alternative anticoagulant. 

Oxygen was continuously bubbled through perfusion fluids unless 
otherwise stated. 

Results 

Ox serum. Ox ser um has a tonicity 1-37 that of frog serum, and a 
C.o.P. 2-5 times that of frog serum. Fig. 2 shows typical results for frogs 
perfused with various percentages of ox serum in Ringer, after adjustment 
of tonicity by addition of water. For the perfusates the percentages 
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refer to the percentage of normal ox serum colloids in the diluted serum. 
In the figure percentage by weight of the initial weight of the prepara on 
is plotted against time. When Ringer solution only is used a very rapid 
oedema sets in, and only stops when the tissue spaces are completely filled, 
and the tissue becomes turgid; this occurs after a 40-60 / 0 increase 
in weight. With the addition of serum the rate of increase m weight 
diminishes rapidly, quite out of proportion to the c.o.p. of the serum, as is 
shown by the fact that oedema is reduced a hundredfold by 40% serum, 



Fig. 2. Diagram showing the development of oedema with time during perfusion with 
Ringer jcOotioa, rations dilations of ox serum, and 31 % acacia in Ringer solution. 


but only tenfold by 3-5% gum acacia; both have about the same c.o.P. 
The rate of development of oedema as increase in weight per minute, in 
per cent of the initial weight, is given in Table I: the results recorded in 
this table, and in Fig. 1, were obtained with autumn frogs. Spring frogs 
usually showed a greater permeability to colloids. The results shown in 
Table I are not compatible with equation (6). 

It will be seen (Fig. 2) that during the first 40 min. of perfusion there 
are several changes of slope in percentage-weight curves. These are 
probably due to a number of causes, such as dilation and contraction of 
the vascular system, the taking up or loss of water by the lymph initially 
present m the tissues, and possibly the washing of potassium out of the 

8—2 
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the legs were usually cut, though not always. The perfusion fluid was 
allowed to issue from the kidneys, the abdominal vein, or both. The 
arterial pressure was maintained at 14 cm. and the venous pressure at 
2-3 cm. This means that if the perfusion fluids are inert, not causing 
changes in the diameter of the vessels, the flow should vary according to 
the viscosity of the perfusion fluid, and the pressure gradients in the 
circulatory system should be constant. Consequently P a and P v should 
also be constant. Such conditions were found with, for example, gum 
acacia, but not with, for example, serum. 

The Ringer solution used contained 6-75 g. NaCl, 0C5 g. KC1, 0-2 g. 
CaCl, 0-02 g. Na 2 TTP0 4 per litre. Ox serum was centrifuged for 10 min. at 
2000 r.p.m. to remove red cells. It was stored either at 2 or at —10° C. 
Samples from about ten diff erent animals were used. Serum prepared in 
this way contains a considerable quantity of platelet material. Gum 
acacia was prepared by dissolving in Ringer solution, and dialysed against 
large volumes of Ringer, then filtered, after which the pE was adjusted to 
7-2. Ovalbumin was crystallized five times bythe method of Larosa[1927], 
and dialysed against Ringer solution. Ox haemoglobin was prepared by 
washing red cells twice with Ringer solution, followed by haemolysis, 
either osmotic or by freezing and thawing. Such haemoglobin contains a 
considerable quantity of more or less disintegrated platelets, and the 
stroma and contents of the red cells, but only a trace of serum proteins. 
Part of the stroma, etc., could be removed by centrifuging for long periods. 
Sheep haemoglobin was prepared either bythe simple osmotic process used 
for ox haemoglobin, or crystallized four times by the method of Adair & 
Adair [1934]. The latter method gave a comparatively clean preparation. 
Platelets were obtained from horse blood by a method similar to that of 
Code [1937]. Horse blood was run into a waxed vessel containing suffi- 
cient 10% potassium oxalate to make the solution 0-15% in oxalate. 
The red cells were allowed to settle, the plasma decanted off and centri- 
fuged for 5 min at 2000 r.p.m. to remove white cells, then for 40 nun. 
at 4000 r.p.m. to bring down the platelets, which were resuspended in a 
suitable fluid.' Heparin was used as an alternative anticoagulant. 

Oxygen was continuously bubbled through perfusion fluids unless 
otherwise stated. 

Resuits 

Ox serum. Ox serum has a tonicity 1-37 that of frog serum, and a 
c.O.f. 2-5 times that of frog serum. Fig. 2 shows typical results for frogs 
perfused with various percentages of ox serum in Ringer, after adj ustment 
of tonicity by addition of water. For the perfusates the percentages 
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refer to tie percentage of normal ox serum colloids m tie diluted se _ - 
In tie figure percentage by weight of the initml vrrnght of tie preparation 
is plotted against time. When Ringer solution only is used a very rapid 
oedema sets in, and only stops when tie tissue spaces are completely Med, 
and the tissue becomes turgid; this occurs after a 40-60 J Q increase 
in weight. With tie addition of serum the rate of increase in weight 
diminishes rapidly, quite out of proportion to tie c.o.n. of the serum, as is 
shown by tie fact that oedema is reduced a hundredfold by 40% serum, 



Fig. 2. Diagram showing the development of oedema with time during perfusion with 
Ringer solution, various dilutions of or serum, and 3} % acacia in Ringer solution. 


but only tenfold by 3-5% gum acacia; both have about the same c.o.p. 
The rate of development of oedema as increase in weight per minute, in 
per cent of the initial weight, is given in Table I: the results recorded in 
this table, and in Fig. 1, were obtained with autumn frogs. Spring frogs 
usually showed a greater permeabilitv to colloids. The results shown in 
Table I are not compatible with equation (6). 

It will be seen (Fig. 2) that during the first 40 min. of perfusion there 
ate several changes of slope in percentage-weight curves. These are 
probably due to a number of causes, such as dilation and contraction of 
the vascular system, the taking up or loss of water by the lymph initially 
present in the tissues, and possibly the washing of potassium out of the 
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Table I. Effect of adding ox serum to Ringer solution on rate of oedema 

% serum colloids Rate of oedema c.o.p. of perfusate as 
in perfusate formation, %/m in, % frog serum c.o.p. 

0 0-48 0 

5 0-1 12-5 

10 003 25 

30 0-01 75 

40 0-003 100 

3-6 % acacia 0-04 100 


tissues, since Horton [1930] found that operative procedures may produce 
a species of shock, in which the muscles may lose large amounts of 
potassium. Ho doubt the cells of the tissues also participate to some 
extent in the water equilibrium. 


Table II. Rate of development of oedema with mixtures of ox serum 
and gum acacia of the same c.o.p. as frog serum 


Perfusate 

Rate 

3-5 % acacia 

0-28 

2-6 % acacia + 10 % serum 

0-18 

1-76 % acacia +20 % serum 

0-12 

1-3 % acacia + 26 % serum 

0-04 

0-88 % acacia +30 % serum 

0-01 

40 % serum 

0-005 


Table II shows the rates of oedema development with various 
mixtures of serum and acacia, all approximately of the same c.o.p. as 
frog serum; the results were obtained with spring frogs. It will again be 
seen that serum is far more effective than gum acacia in preventing 
oedema. This confirms the results of Drinker [1927], but is contrary to 
the observations of Saslow [1938]. It may be concluded that in the 
presence of sufficient serum the capillaries are only slightly permeable to 
gum acacia and to serum albumin, but are much more permeable to these 
colloids in the absence of sufficient serum. 

Oedema developed at about the same rate when serum was brought 
into equilibrium with air and with oxygen. A large supply of available 
oxygen is not necessary for maintaining normal permeability with resting 
tissue. This is contrary to the observation of Saslow [1938]. 

Gum acacia. There is a considerable variation in the rate of oedema 
development with different frogs; with autumn frogs a minimum rate 
of 0-04% was found with 3-5% acacia, but with spring frogs values as 
high as 0-29% were recorded. 

In Table HI are given a typical set of values of the rate of oedema 
formation with various concentrations of acacia. For simplicity in com- 
paring the constants of equation (6) for different substances the C.O.P- 
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Table m. Results of perfusion with varions amounts of acacia in Ringer solution 


Acacia 


1-75 

3-5 

5-25 

7- 0 

8- 75 


p osmotic 

c.oj. perfusate 
as % c.oj. 

equivalent 

serum 

0 625 

50 

1-25 

100 

1-875 

150 

2-5 

200 

3-125 

250 


j iff observed 

R calculated 

0-31 

0-32 

0-22 

0-23 

0-17 

0-15 

0-10 

0-OS 

0-015 

0-015 


has been expressed as an “osmotic equivalent , in units of the c.o.p. 
due to 1 % of a substance with molecular weight 34,500, i.e. 


where C is the concentration of the colloid in per cent by weight, and M 
is its molecular weight. The calculated values of R given in the last 
column were obtained from the equation R = 0-395 — 0-14p 4- 0-005yr . The 
observed and calculated values are in reasonable agreement, so that it 
may he concluded that with gum acacia perfusates the preparation 
appears to behave as a simple physical system. 

Ovalbumin. Hen’s ovalbumin, purified by crystallization and dialysis, 
behaves similarly to gum acacia. The results obtained by perfusion of the 
same frog with different amounts of ovalbumin in Ringer solution are 
shown in Table IV. The calculated values of R were obtained from the 
equation fi=0-485— O-l^+O-OUp 2 , and are in reasonable agreement 
with the observed values. 


Tabus IV. Besults of perfusion with Ringer solution containing various 
amounts of crystallized ovalbumin 


% ovalbumin 
0 

0-73 

2-2 

7-3 


c.oj. as % 
serum C.O.F. 
0 
68 
176 
680 


R observed 
0-485 
0-38 
0-2 
0-06 


R calculated 
0-485 
0-39 
0-23 
0-03 


Ox and sheep red cells. When changing from perfusion with, for 
example, 3-5% acacia, with which the capillaries are permeable to 
colloid, to a similar perfusate containing red cells, fluid sometimes 
filters out so rapidly from tbe red cell suspension that the capillaries 
become blocked by a solid mass of red cells. This condition of stasis is 
accompanied by a very large drop in tbe rate of flow. Such experiments 
have been discarded, and those referred to here are cases in which the 
rate of flow changes in a reversible manner on passing from one perfusate 
to another. 
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Saslow’s experiment, perfusion with 26 % o x red cells in acacia, was 
repeated and confirmed. In a typical experiment perfusion was started 
with 25% red cells in 3-6% acacia; the rate of oedema R was 0-039%/ 
min. On changing to the same acacia solution without red cells, R rose 
to 0-21%/min.; on returning to 26% red cells, R fell to 0-033%/min, 
Adding 26 % red cells to acacia is quite effective , reducing the rate of 
development of oedema to between one-sixth and one-tenth of its rate 
with acacia alone; if this experiment is compared with that in Table II, 
in which serum was added to acacia, it will be seen that 25 % red cells 
have about the same effect as 25 % serum. This coincidence proved to be 
fortuitous, for, as the protocol of the typical experiment of Table V 
shows, 2-5 % red cells is just as effective as 25 % in reducing the rate, and 
1 J % is not greatly inferior in its action. 

Table V. The effect of adding oxygenated, and partly oxygenated, ox red eella to gum 
acacia, on the rate of oedema. Bed cells folly oxygenated, unless otherwise stated 


Kate 

Perfusate %/min. 

3-6 % acacia 0-14 

3-6 % acacia +2-6 % red cells 0-016 

3-6 % acacia + 2-6 % red cells, half-reduced 0-05 

3-6 % acacia + 2-6 % red cells 0-017 

3-6 % acacia + 1 J % red cells 0-04 


These results certainly agreed with Saslow's view, that red cells 
maintain normal permeability by providing a plentiful supply of oxygen, 
although in the experiments with ox serum it was found that com- 
paratively little oxygen was required. Even with 1£% red cells the 
oxygen content of the venous fluid never reaohed a level as low as half 
that of the arterial fluid, so it was decided to try the effect of perfusion 
with half-reduced red cells. Red cells were reduced by bubbling nitrogen 
through a- 2-5 % suspension in gum acacia, and then mixed with an equal 
volume of 2-5% oxygenated cells. With this half-reduced mixture the 
rate of oedema did increase, to about the same level as was found with 
li% oxygenated cells (Table Y). Thus the effectiveness of red cell 
suspensions in reducing R is at least roughly proportional to then 
oxygen-carrying capacity, for 2-5 % red cells half-reduced carry the same 
amount of oxygen as 1£% fully oxygenated, though, of course, in the 
former case it is not quite so readily available. 

But it was noticed at the same time that bubbling large quantities 
of nitrogen through a red cell suspension does more than change the 
oxygen content of the fluid. For the first half-hour the bubbles form a 
rather stable foam, but after an hour or two the foam is verv unstable 
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and lias an “oily” appearance. This is not due to lysis of the red cells. 
Evidently some substance or body present in the red cell suspension is 
altered or destroyed by bubbling with nitrogen, and this factor must be 
eliminated before the action of red cells can be ascribed to their oxygen- 
carrying powers. 

On turning to sheep red cells further evidence was found that the 
action of red cell suspensions is not due to their power of carrying 
oxygen. Table Y1 shows data for red cells from two different sheep. 


Table VI. The effect of addition of sheep red cells to 3-5 % acacia, using 
crashed cells from two different sheep 


Perfusate 


Sheep 1 Sheep 2 


3-5 % acacia 0-14 

3-5 % acacia +2-5 % sheep cells 0-17 
3-5 % acacia + 5 % sheep cells 0-14 

3-5 % acacia + 10 % sheep cells — 

3-5 % acacia +2-5 % os cells — 


0-21 

0-19 

0-12 

0-014 

0-025 


There weTe minor differences between the activities of the two lots; 
similar differences were found with ox bloods. The general conclusion 
to he drawn from Table YI is that sbeep red cells up to 5 % have little 
action in reducing R, 10% of cells has quite a marked action, and that, 
volume for volume, ox cells are three to four times as active as sheep 
cells. The results of HiH & AVolvekamp [1936] show that ox cells and 
sheep cells have rather similar 0 2 pressure — % Hb0 2 curves, and ox and 
sheep cells have about the same oxygen-carrying capacity. It follows 
that the difference between ox and sheep cells cannot he due to differences 
in their oxygen-carrying capacity. 

Haemolysed red cells. The results obtained by perfusion with Ringer 
solution containing various amounts of crude haemoglobin from osmotic- 
ally haemolysed red cells are given in Table YII. The rate of development 


Table VH. Rate of oedema with various amounts of crude ox haemoglobin 
in Ringer solution 


% haemo- 
globin 

0 

1-0 

2- 5 

3- 5 
6 


Osmotic 
equivalent, p 

0 

0- 4 

1 - 0 

1- 4 

2- 4 
2-S 


C.o.p. as % 
e.OJ. serum 

B observed 

R calculated 

0 

0-5 

(0-127) 

40 

0-1 

0-102 

100 

0-00 

0-071 

140 

0-042 

0-054 

240 

0-03 

0-030 

2S0 

0-025 

0-026 


of oedema is m all cases greater than is found when the same amount of 
haemoglobin is present- as red cells, even when gum acacia is added to the 
lower concentrations of haemoglobin to bring the c.o.p. up to that of 
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frog serum. Fig. 3 shows a typical case. The rate of oedema with 3-6% 
acacia is 0-25 %/min. On changing to (0-75% haemoglobin +2-5% 
acacia), which has the same osmotic pressure as 3-5% acacia, R falls to 
0-125, but on changing to (3-5 % acacia +2-5 % red cells), which contains 
the equivalent of 0-75 % of haemoglobin, the rate falls to 0-0125 %/min.; 
i.e. a given amount of red cells is far more effective than the same amount 
of red cells after haemolysis. On returning to (2-5% acacia + 0-75% 
haemoglobin), fj returned to 0-08 %/min. If the haemoglobin is obtained 
by repeated freezing and thawing of corpuscles, there is a similar loss of 
ability to reduce the rate of oedema. 



Kg. 3. Comparative action of haemoglobin when added to gum acacia (a) as red cells (rtc), 
(6) as haemoglobin (Hb); ® % weight, O total volume of perfusate in c.o. 


At first sight it would appear that the partial loss, due to haemolysis, 
of ability to prevent oedema is sufficient proof that the oxygen-carrying 
capacity of the red cells is not involved. But it has been shown by 
Anrep, Barsoum, Talaat & Wieninger [1939] that red cells may contain a 
histamine-like substance. On haemolysis this is released from the red 
cells, and may have a dilating action on the capillaries, thus antagonizing 
any possible contraction produced by the oxygen-carrying powers of the 
haemoglobin. It is therefore evident that purified haemoglobin must be 
used. 
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Returning to Table YH, it is interesting to observe that, with this 
crude “haemoglobin”, the rate of oedema development decreases far 
more rapidly than, can be accounted for by the simple osmotic action of 
the “haemoglobin”, although, of course, not as rapidly as for the same 
volume of red cells in suspension in a medium of the same c.o.P. Thus 
equation (6) will not fit the results. But it will fit the results for all con- 
centrations of “ haemoglobin” greater than 1 % . It is as though the first 
1% of “haemoglobin”, in addition to its osmotic activity, has a further 
action by which it reduces the rate of oedema with p—0 from 0-5 to 
0-127 %/min. After this the results fit the equation 

R = 0-127 - 0-067p + O-Ollp 2 , 

as is shown by the last column of Table VII. 

The reduction in rate of oedema due to crude haemoglobin is far less 
than that due to an osmotically equivalent amount of ox serum. 

Crude sheep haemoglobin in a few preliminary experiments appeared 
to be similar to ox haemoglobin, except that it is still less effective in 
reducing the rate of oedema. 

Crystallized sheep haemoglobin. Table VDI shows one series of results 
obtained with crystalline Bheep haemoglobin. About 15% of the haemo- 
globin was converted into methaemoglobin by the purification process, 


Table VIXL Rate of oedema with various amounts of crystallized 
sheep haemoglobin in Ringer solution 



Oemotio 

c.ojp. as % 



%Hb 

equivalent, p 

c.o.p. serum 

R observed 

R calculated 

0 

0 

0 

0-49 

0-49 

1-33 

0-665 

53 

0-41 

0-4 

2-66 

1-33 

106 

0-3 

0-31 

6-33 

2-66 . 

213 

0-23 

0-19 

8-0 

4-0 

320 

0-16 

0-10 

160 

8-0 

640 

0-06 

0-07 


so that the oxygen-carrying power of the solutions is about 15 % less than 
that of corresponding crude haemoglobin solutions. Even when allow- 
ance is made for this, it is evident that at a given colloid osmotic pressure 
purified haemoglobin is far inferior to crude haemoglobin in ability to 
reduce oedema. In fact, the pure haemoglobin is identical with oval- 
bumin if solutions of the same c.o.p. are compared, and the results obey 
the same equation: R = 0-49-0-14p + 0-011/. It thus seems reasonable 
to suppose that haemoglobin, when pure, can reduce the rate of oedema 
formation by virtue of its colloid osmotic pressure only. The oxygen- 
carrying powers of red cells and haemoglobin must play, at most, a 
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very minor role in maintaining normal permeability. There is, of comae, 
no doubt, from the results of Landis [1928], that severe oxygen lack 
does cause increased permeability, but it is quite certain that the 
capillaries of resting tissue need only a very moderate amount of oxygen, 
such as can be conveyed in ordinary serum. 

Platelets, etc. From the foregoing results the following conclusions 
emerge : 

(1) Ox serum, freed from red cells by moderate centrifuging, has a 
large action in reducing capillary permeability. Horse serum is also 
active [Drinker, 1927]. 

(2) Red cells, after freeing from serum by centrifuging and washing, 
have about ten times the activity of serum. Thus activity is not due to 
the oxygen supply provided by the red cells. 

(3) Haemolytic procedures caused a partial loss of activity, and 
purification of the haemoglobin causes a complete loss of activity other 
than that due to the c.o.p. of the haemoglobin. 

It seems fairly clear from this that the active factor must be one of the 
formed bodies of the blood, which may be concentrated along with the 
red cells by centrifuging. Saslow’s observation, that serum prevents 
dilation but not oedema, at first appears contradictory, but he states 
that his serum was sterilized by filtration through a Berkefield candle. 
This procedure will remove the platelets, white cells, etc., as well as the 
bacteria. So Saslow’s observations actually direct still further attention 
to the formed bodies of the serum. Suspicion naturally centres on the 
platelets. 

Accordingly, suspensions of horse blood platelets, and of white cells 
and platelets were prepared in 3£% gum acacia. It was found that 
preparations containing less than 0-025 c.c. of platelets in 100 c.c. of 
31% acacia reduced the rate of oedema to an extent comparable with 
25% serum, or 2-5% ox red cells; i.e. the platelet preparations were at 
least a hundred times more active than red cells and a thousand times 
more active than serum. This activity was lost if the platelets were allowed 
to clot completely. Preparations from oxalated plasma frequently re- 
duced the rate of flow by 90%, but heparin preparations had little effect 
on this. Fig. 4 shows a typical experiment. The perfusion was started on 
31 % acacia ; at A the perfusate was changed to acacia to which “ clotted 
platelets” had been added; there was practically no change in either the 
rate of flow or the rate of oedema. This “clotted platelet” suspension 
was made by adding acacia to platelets centrifuged down from plasma, 
followed by gentle stirring. Several large clots formed, and very little. 
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if any, material .rent into suspension. At B the perfusate was changed 
hack to acacia, and at C to a suspension of platelets obtained from 
heparinized plasma. After about 10 min. the preparation actually began 
to lose -water; this loss of water would not hare continued mdefini e y, 
but resembles the changes found when serum is used for a perfusion, and 
it would eventually have given place to a slow increase in weight. Ihe 
loss of weight is probably due to the fact that the “platelets greatly 



Time in hours 


Fig. 4. The effect of adding (a) dotted platelets, ( b ) undotted platelets, to 34 % acacia. 
© % weight, O total volume of perfusate in c.c. 


reduce the permeability of the capillary to colloids, and a fresh equili- 
brium has to be set up with the lymph, which, since the capillary has 
become a more efficient apparatus, involves the absorption of water by 
the plasma. Such platelet suspensions were obtained by adding acacia 
to centrifuged platelets, followed by violent mechanical stirring; under 
these conditions part, but not all, of the platelets clot, and may be 
removed by gentle centrifuging, or by allowing to stand for half an bonr; 
such suspensions are slightly opalescent. At D the perfusate was changed 
hack to acacia; after about 15 min. the preparation began to gain water 
again.. At £ a suspension of oxalated platelets was used; this again caused 
a loss in weight, but the rate of flow was cut down by 80%, so that this 
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last result is difficult to interpret. It seems probable that oxalated 
platelets tend to clog the capillaries. 

It will be noticed that, on changing from or to a solution containing 
platelets, the full activity of the platelets is not evident until 10-15 min. 
after the change is made. This contrasts sharply with changes from a 
fluid of one o.o.p. to one of another c.o.p., when the change in rate el 
oedema is complete in 3—4 min , at most. 

Effect of addition of clupein to serum and to acacia 

Addition of 0-1% by weight of clupein to 3£% gum acacia reduces 
the rate of flow by about 50%, and reduces the rate of development of 



Fig. 5. Effect on rate of development of oedema of addition of 0*01 % clupein to 40 % 
serum. ® % ’"'eight of first preparation, Ex] % of weight of second preparation. O total 
volume of perfusate, first preparation. 


oedema by about the same amount. It seems probable that the reduction 
in the rate of flow is due to contraction of part at least of the vascular 
system, and that the reduction in rate of oedema may be partly due to 
the increase in colloid osmotic pressure produced by the clupein, and 
partly to capillary contraction. This, however, was not further in- 
vestigated. 




CAPILLARY PERMEABILITY AND OEDEMA • 125 

When added to 40 % serum 0-1 % clupein produces a precipitate, but 
0-01% clupein forms a clear solution, provided the clupem is added to 
the serum in solution. Solid clupein does not readily dissolve in serum. 
Two experiments are illustrated in Fig. 5; the two experiments were made 
with different frogs, but otherwise were carried out in precisely the same 
way. The perfusion was carried out with '40% serum for about 21 hr., 
during the later ll of which the rate of development of oedema is small 
and ’constant. Change was then made to serum containing 0-01 % 
clupein: as with acacia, the rate of perfusion was reduced. But the rate 
of oedema was markedly increased, from 0 - 036 to 0'19%/min. On 
returning to 40% serum alone, the rate of perfusion rose again, and the 
rate of oedema fell to 0*05%. Thus the effect of clupein iB partially, but 
perhaps not completely, reversible. 

It is possible that this action of clupein in increasing the rate of 
oedema in the presence of proteins is due to enlargement of capillary 
pore size by displacement of adsorbed serum proteins: a possible 
mechanism for this will be discussed later. If this explanation is not 
correct, then clupein should prove useful in analysing the exact mechanism 
by which serum, including platelet material, restricts capillary permea- 
bility. 

Discussion 

It is evident from the results given here, that with a perfusion fluid 
containing an indifferent colloid and a normal supply of platelet material 
the rate of oedema is diminished to one-tenth or less of the rate in the 
absence of platelet material. A further reduction is obtained by adding 
serum, reducing the rate to from one-third to one-tenth of that in the 
presence of platelets and indifferent colloid. The oedema with all three 
such fluids is due to the existence of pores in the capillaries which are 
permeable to protein. In. the frog in the complete absence of platelets, 
etc., judging from the results of Saslow, the capillary constrictor action 
of the serum does not much reduce the rate of oedema formation. If 
these conclusions are true also for mammalian capillaries, it is possible 
that some cases of oedema are due to absence of platelets, etc., or to 
impaired activity of the platelets, etc. 

The results presented here do not constitute a complete proof that 
the active material is the platelets. It has merely been shown that 
activity in preventing oedema is very closely associated with the plate- 
c s. However, it has long been supposed that platelets do have an 
important action in controlling the permeability of capillaries damaged 
y, or example, an anti-red cell serum, so that it would not be surprising 
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if the active material is the platelets themselves. This hypothesis mil be 
adopted in the following discussion. 

The action of the platelets may be purely mechanical: the flow of 
fluid through a large pore may draw a platelet across the pore, where it 
will be held down by the lateral pressure of the blood or perfusion fluid. 
Platelets will not be held in this way over the pores of the venular 
capillaries to the same extent, since the flow through those venular 
capillary pores which are impermeable to protein is in the wrong direction. 
Also, if at any time a section of capillary is changed, by muscular activity 
or other cause, to venular from arteriolar function, platelets over the 
pores will be lifted up by the fluid moving into the capillaries. The 
reverse process will happen on passing from venular function to artenolar 
function; pores will be closed down. It may be that in this way the 
platelets provide a rather simple automatic mechanism by which the 
venular capillaries are kept more permeable than arteriolar capillaries, 
thus promoting the recovery of fluid from the tissues. 

The action of the platelets may be to some extent affected by colloid 
chemical factors. 

Pore size and 'protein adsorption. One of the actions of normal serum 
may be due to protein adsorption on the walls of capillary pores. As 
Keys [1938] has found, there are ranges of collodion membranes which 
are permeable to gum acacia in the absence of serum, but perfectly 
impermeable to acacia in the presence of serum. Similar phenomena are 
encountered in the ultrafiltration of proteins, and are due to blockage of 
the pores by adsorbed protein. Addition of substances of superior surface 
activity, e.g. higher polypeptides, as in Hartley’s broth, displaces the 
adsorbed protein and gum acacia. Such a polypeptide will make a layer 
on a pore wall not more than 1-0 nip thick. A protein layer will be of the 
order of 4 or more m/x thick. Thus displacing a protein layer with poly- 
peptide will result in an increase in diameter of (2 x 4 — 2 x 1) = 6 mp, 
which provides a gap readily permeable to, for example, serum albunun. 
The increase in rate of oedema development found on adding clupein to 
serum may be due to this cause, since clupein has a diameter much less 
than that of serum proteins. 

Relative efficiency of different colloids. Fig. 7 shows the rate of oedema 
development with corresponding c.o.p.’s of various colloids. Purified 
ovalbumin and sheep haemoglobin appear to have the same efficiency, 
so evidently the colloid permeable pores have a diameter at least equal 
to that of haemoglobin (5 mp). Gum acacia behaves as though only 
about half of the acacia particles are able to penetrate the pores which 
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are permeable to haemoglobin. Gnm acaora m composed of a number o 
molecular ernes, rrith an overage moleoolar rverght of 100,000. It thus 
appears that dilated capillary pores are not readrly permeable to mole- 
cular weights above 100,000, corresponding to a diameter of 6 m,x. 
SasWs results, however, show that sernm albumin at least penetrates 
fairly freely in the absence of platelets. It thus appears that many of the 



Fig. 6. Rate of oedema with various colloid osmotic pressures of crystallized ovalbumin 
(A), crystallized sheep haemoglobin (+), acacia (•), crude ox haemoglobin (®), ox 

scrum (®). The c.o.r. is that given by the formula p — G ( where G is colloid 

concentration, in per cent by weight and 31 is colloid molecular weight. 


pores of dilated capillaries have an upper limit to their diameter of about 
G m ji. Contracted capillaries in the presence of platelets are not freely 
permeable even to ovalbumin, so evidently under such conditions the 
majority of the pores have a diameter of less than 4 my. 

It may perhaps be worthy of note that the variation in the values of 
y and * in equation (6) appears to be systematic. The values of y are the 
same (0-14) in all cases fitted by the equation, except that of crude ox 
haemoglobin (0-0G7), with which it is probable that the number of avail- 
able pores is reduced. The values of x are the same (0-011), except for gum 
acacia (0-005), for which not all the colloid molecules can pass the pores. 
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Relative permeability of skin and muscle capillaries. When a muscle 
is perfused with a solution of 2-5 % crude ox haemoglobin, it flushes a 
delicate pink in the first few minutes as the capillary system is flooded. 
Then over a period of about 2-4 hr. the colour deepens, as haemoglobin 
passes into the lymph spaces. It thus takes a ma xim um of 240 min. for 
a volume of haemoglobin to penetrate the capillary walls sufficient to fill 
a volume of about 10 % of the muscle volume, i.e. in the muscle the rate 
of oedema formation is not less than 0-044 %/min. The average rate of 
oedema development for the frog as a whole is 0-06 or 0-085 %/min. if 
tissue only is considered. It thus follows that the capillaries of the skin 
are possibly more permeable than those of the muscle, but not enor- 
mously so. 

Summaby 

1. It is shown that, subject to certain assumptions, when a tissue is 
perfused with an inert colloidal solution the rate of development of 
oedema should obey the equation R=xp 2 ~yp + z, where p is the colloid 
osmotic pressure of tho perfusate, and x, y and z are constants. If the 
capillaries are not permeable to protein R—z'—y’p. 

2. Solutions of ovalbumin, haemoglobin and gum acacia obey this 
first equation. 

3. Serum, red cells and solutions containing platelet material reduce 
the rate of development of oedema more than can bo accounted for by 
their colloid osmotic pressure. This activity is not due to the oxygen - 
carrying capacity of the solutions. 

4. Platelet preparations obtained by centrifuging whole blood contain 
at least 1000 times more material active in preventing oedema than does 
serum, and 100 times more active material than red cell suspensions 
prepared by centrifuging and washing red cells. 

5. It is suggested that the activity may be due to the platelets them- 
selves, and that the action of the platelets may be largely mechanical, 
involving simple blockage of protein-permeable pores. 

6. Small amounts of clupein added to the perfusate reduce the rote 
of flow with both acacia and serum. Clupein decreases the rate of oedema 
with 3£ % gum acacia, but increases the rate with 40 % serum. The 
action of clupein is at least partially reversible. 

I am indebted to the Government Grants Committee of the Royal Society for ° n 
apparatus grant. 
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Relative 'permeability of shin and muscle capillaries. When a muscle 
is perfused with a solution of 2-5 % crude ox haemoglobin, it flushes a 
delicate pink in the first few minutes as the capillary system is flooded. 
Then over a period of about 2—4 hr. the colour deepens, as haemoglobin 
passes into the lymph spaces. It thus takes a ma ximum of 240 min. for 
a volume of haemoglobin to penetrate the capillary walls sufficient to fill 
a volume of about 10 % of the muscle volume, i.e. in the muscle the rate 
of oedema formation is not less than 0-044 %/min. The average rate of 
oedema development for the frog as a whole is 0-06 or 0-085 %/min. if 
tissue only is considered. It thus follows that the capillaries of the skin 
are possibly more permeable than those of the muscle, but not enor- 
mously so. 

Summary 

1. It is shown that, subject to certain assumptions, when a tissue is 
perfused with an inert colloidal solution the rate of development of 
oedema should obey the equation R=xp 2 —yp+z, where p is the colloid 
osmotic pressure of the perfusate, and x, y and z are constants. If the 
capillaries are not permeable to protein R—z'—y'p. 

2. Solutions of ovalbumin, haemoglobin and gum acacia obey this 
first equation. 

3. Serum, red cells and solutions containing platelet material reduce 
the rate of development of oedema more than can be accounted for by 
their colloid osmotic pressure. This activity is not due to the oxygeu 
carrying capacity of the solutions. 

4. Platelet preparations obtained by centrifuging whole blood contain 
at least 1000 times more material active in preventing oedema than does 
serum, and 100 times more active material than red cell suspensions 
prepared by centrifuging and washing red cells. 

5. It is suggested that the activity may be due to the platelets them- 
selves, and that the action of the platelets may be largely mechanical) 
involving simple blockage of protein-permeable pores. 

6. Small amounts of clupein added to the perfusate reduce the rate 
of flow with both acacia and serum. Clupein decreases the rate of oedema 
with 34 % gum acacia, but increases the rate with 40 % serum. The 
action of clupein is at least partially reversible. 

I Am indebted to the Government Grants Committee of the Royal Society for 
apparatus grant. 
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THE INACTIVATION OF ADRENALINE 
BY PHENOLASES 

By H. BLASCHKO and H. SCHLOSSMANN 
From the Physiological Laboratory, Cambridge 

{Received 20 December 1939) 

The oxidation of adrenaline by enzymes may occur on the side chain or 
on the ring structure of the molecule. Oxidation on the side chain is 
brought about by an enzyme found in tissue extracts [Blaschko, Richter 
& Schlossmann, 1937 a, 6]. This enzyme, which is identical with tyraminase 
[Hare, 1928], is now generally called amine oxidase. The analysis of its 
action was made possible by the observation that it was not inhibited by 
cyanide [Blaschko & Schlossmann, 1936 a]. Other enzymic systems attack 
adrenaline because it is a catechol derivative and they are inhibited by 
cyanide. The experiments described in this paper concern the inactivation 
of adrenaline by these systems. 

From the work of Warburg and Keilin and their collaborators it is 
known that the enzymic systems which oxidize polyphenols contain 
either copper or iron, and it is therefore possible to classify them 
accordingly. 

Catalysts containing copper. The best studied enzyme of this type is 
the polyphenol oxidase of potatoes [Kubowitz, 1937, 1938] and of 
mushrooms [Keilin & Mann, 1938]. Other enzymes which come into this 
group but have not yet been proved to be copper compounds are the 
phenolase of the mealworm and of Sepia officinalis. Laccase is also an 
enzyme of this type. 

Catalysts containing iron. The most important representative of this 
class is cytochrome-cytochrome oxidase. It oxidizes polyphenols [Keilin 
& Hartree, 1936, 1938 ; Green & Richter, 1937], and is the chief respiratory 
system of all aerobic cells. The oxidation of adrenaline is probably more 
complex than in the case of polyphenol oxidase, because several stages 
of oxido-reduction are interposed between adrenaline and oxygen, namely 
the three cytochromes [a, b, c) and the oxidase. Another enzyme of this 
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group is peroxidase which is also a baematin compound [Kuhn, Hand & 
Florkin, 1931]. It occurs in plants and its chief source is horseradish. 

In the previous study on amine oxidase we were able to show that 
there exists a strict stoichiometrical relationship between inactivation of 
adrenaline and oxygen uptake. A similar analysis has not hitherto been 
made for the different cyanide-sensitive enzymes. This has been done in 
the experiments described in the present paper for polyphenol oxidase, 
cytochrome-cytochrome oxidase and peroxidase. 

There was an additional interest attached to this analysis, since Bacq 
[1938] claimed that during the oxidation of adrenaline by phenolases a 
Bubstance with inhibitory properties is formed. This substance he called 
adrenoxine. Bacq used various enzyme preparations derived from animal 
and plant tissues, and we have tried to repeat his observations with a 
similar preparation as well as with the purified enzymes at our disposal. 

The oxidation of adrenaline catalysed by phenolases is similar to the 
oxidation of adrenaline by chemical agents, e.g. iodate, copper or iron 
salts. These reactions lead to coloured substances which have recently 
been identified [Richter & Blaschko, 1937 •, Green & Richter, 1937]. The 
probable formulae ascribed to the products of the oxidation by iodate 
(iodochrome of adrenaline) and of the closely related enzymic oxidation 
(adrenochrome) are given below. Adxenochiome corresponds in its 



Iodo chrome of adrenaline Adronoohrome 

structure to the red substance formed in the enzymic oxidation of 
tyrosine, the constitution of which was cleared up by Raper [1927] in his 
classical studies on tyrosinase. * 


Methods 

Adrenaline solutions were incubated with enzyme preparations and 
the uptake of oxygen was measured manometrically. The initial adrenaline 
concentration was 1 in 1000. Usually 2 mg. adrenaline dissolved in the 
equivalent amount of hydrochloric acid in a total volume of 0-2 c.c. was 
placed in the side bulb of a conical manometer flask; the main flask 
contained the enzyme and 0-067 M sodium phosphate buffer nH 7-3 to 
bnng the total volume to 1-8 c.c. The gas space of the manometers was 
' “ '" 0l *“• ““'T 1 m the experiments with peroxidase, where no 
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uptake of oxygen occurs and where the gas space was filled with nitrogen. 
The flasks were incubated in a bath at room temperature (17-20°). In a 
single experiment several manometers were set up with the same contents 
and the uptake of oxygen was measured over suitable intervals. From time 
to time one of the flasks was removed after a final reading, and the solu- 
tions tested at once for their pharmacological activity. It was usually 
unnecessary to take special precautions to protect the samples from 
further changes between the final reading and the biological assay, as 
the oxidation was already slow at the time of removal from the bath. 
In a few experiments with polyphenol oxidase where the assay was to 
be done whilst the rapid reaction was still in progress duplicate samples 
were set up. One was removed and the enzymic reaction was stopped 
by adding a drop of hydrochloric acid to the sample. At this moment the 
final reading was taken from the second sample. 

In his experiments on the formation of adrenoxine Bacq has used 
adrenaline solutions 1 in 10 5 , and our experiments concerned with the 
formation of adrenoxine were therefore done not only under the con- 
ditions just described but also with solutions (1 in 10 6 ), which were kept 
with the enzyme preparation at room temperature up to 24 hr. 

The activity of the samples was assayed on the arterial blood pressure 
of decerebrate cats as previously described [Blaschko et al. 1937 o], and 
in some cases of cats under chloralose anaesthesia. A few samples were 
tested on the isolated rabbit’s intestine. 

Enzyme preparations. The polyphenol oxidase was prepared according 
to Keilin & Maim [1938]; three preparations were used. One was made 
from PsaUiota; it had, when tested on catechol, a Q 0> of 40,000 (prepara- 
tion A). The other two were from Lactarius ; they differed in purity and 
activity, the Q 0f of the more active and more purified preparation was 
80,000 (preparation B), that of the less active 10,000 (preparation C). 
For the experiments on the formation of adrenoxine we used in addition 
press juice from unpeeled potatoes which was prepared on the day 
preceding the experiment. The cytochrome c was a 1 % solution obtained 
from horse heart according to Keilin & Hartree [1937]; the cytochrome 
oxidase came from pig’s heart [Keilin & Hartree, 1938]. The peroxidase 
was a preparation from horseradish [Keilin & Mann, 1937] ; its activity 
as measured by its purpurogallin number was 300. It was about 3000 
times purified. We are indebted to Prof. D. Keilin, Dr E. F. Hartree and 
Dr T. Mann for the purified preparations used in this work. 
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Results 

Polyphenol oxidase. Preparation A was used in two series of pre- 
liminary experiments in which, the inactivation of adrenaline was 
determined without the uptake of oxygen. The enzyme was used in a 
100 and 1000-fold dilution respectively. The initial concentration of 
adrenaline was 1 in 10 5 . Addition of the enzyme to the adrenaline solution 
led almost instantaneously to the development of a red colour, the 
maximum redness being reached more quickly with the stronger enzyme 
solution. When the samples were tested 85 min. after the addition of the 
enzyme they had no action on the arterial blood pressure of the cat. 
When retested at different periods during the following 6^ hr. the samples 
remained inactive and did not acquire depressor activity. The colour of 
the solutions had by that time changed from red to yellow-brown and 
a slight precipitate had formed. 

With preparations B and G inactivation and oxygen uptake were 
measured simultaneously. After the addition of adrenaline to the enzyme 
solutions an uptake of oxygen occurred which was complete in about 15 min. 
During this period the reaction was so rapid that the rate of oxidation 
was probably limited by the diffusion of oxygen into the solution, and 
our readings therefore give no true measure of the reaction rate. This 
phase was accompanied by the development of a red colour, the intensity 
of which increased until the rapid uptake of oxygen had ceased. If the 
oxygen consumption is expressed in atoms of oxygen per mol. adrenaline 
it will be seen that in the rapid reaction exactly 2 atoms of oxygen had 
been used up. After this period a very much slower uptake of oxygen 
continued for hours and eventually about 6 atoms of oxygen had been 
taken up. This is illustrated by the experiment of Rig. 1. The manometers 
were set up as follows: 

Main flask: 1-7 c.c. phosphate buffer + 0-1 c.c. preparation B diluted 

1 : 10 . 

Side bulb: 0-2 c.c. adrenaline hydrochloride ( = 2 mg. base). 

Inner tube: 0-3 c.c. N KOH. 

i = 19-0° ; gas phase : air. 

The second phase of oxygen uptake was again accompanied by a 
change in colour. The red colour faded slowly and was replaced by a 
yellow-brown colour. The assay of the samples on the cat’s blood pressure 
showed that inactivation was complete when 2 atoms of oxygen had been 
taken up per mol. adrenaline. This is illustrated by Table I, which belongs 
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to the same experiment as Fig. 1. The amount of oxygen that should be 
consumed if the inactivation of adrenaline required 2 atoms per mol. is 



Table L Oxygen uptake and inactivation of adrenaline by polyphenol oxidase 




Activity 

expressed in % 

Time of 

Oxygen 

of initial activity 

incubation 

consumed in 

( 

A * 

in. min. 

n-mm. 0, 

Calc. 

Found 

9 

130 

47 

30 

10 

162 

34 

30 

14-5 

210 

14 

26 

31 

251 

0 

0-1 

1521 

710 

0 

0 


245 c m It can be seen from the data of columns 3 and 4 that inactiva- 
tion was complete when this amount of oxygen had been taken up. The 
slight discrepancies between the expected and found values of activity 
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in the early determinations are of no significance; we have to consider 
that the oxygen uptake and the inactivation had to be measured in 
separate samples. When samples had lost their pressor activity and were 
retested at later stages of oxidation (up to 25 hr.) they never acquired 
a new pressor or a depressor action. We have carried out such experiments 
with solutions containing adrenaline in an initial concentration of 1 in 10 
and 1 in 10 5 and with the enzyme preparations B and C. These results 
show that no substance like Bacq’s adrenoxine is formed during the 
oxidation by relatively highly purified preparations of polyphenol oxidase. 
There was the possibility that the formation of adrenoxine resulted from 
some impurities contained in the crude preparations used by Bacq. We 



Fig. 2. Oxygen uptake of adrenaline -with potato extract. 


have therefore repeated the experiments with press Juice of potatoes, hut, 
apart from the fact that the oxygen uptake and the inactivation proceeded 
more slowly, not allowing a sharp differentiation between an initial rapid 
and delayed slow oxygen uptake, the results did not differ from those 
previously described. There was no formation of a depressor substance 
during the oxidation. The assay on the arterial blood pressure had 
to be made after atropine (1 mg. sulphate intravenously), since the 
press juice itself caused a fall of pressure on the non-atropinized cat, 
probably resulting from the presence of a choline ester in the ex- 
tracts [Oury & Bacq, 1938], Tig. 2 illustrates the oxygen uptake in 
an experiment with press juice of potatoes. The flasks were set up 
follows: 


as 


Mam flask: 1-6 c.c. phosphate buffer + 0-2 c.c. potato extract. 
Side bulb: 0-2 c.c. adrenaline hydrochloride ( = 2 mo base) 
Inner tube: 0-3 c.c. N KOH. 
t =20'0°; gas phase: air. 
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The curve of oxygen consumption shows a characteristic difference 
from that in Fig. 1. There is no sharp break in the curve after the uptake 
of 2 atoms ; the rate of oxidation was in fact falling off prior to that point. 
In agreement with this findin g were the results obtained for inactivation. 
There was no sharp point at which the activity disappeared. In the 
experiment of Fig. 2, for instance, 5 % of the initial activity was left 
after an incubation of 18 hr. The only conclusion that can be drawn from 
this experiment is that the clear-cut action of the purified enzyme 
is not to be seen, due to interference by other substances in the crude 
extracts. 

Cytochrome c — cytochrome oxidase. The oxidation of adrenaline by 
polyphenol oxidase entails a reduction of the copper in the enzyme which 
in its turn is oxidized by molecular oxygen. In the oxidation of adrenaline 
by the cytochrome system there is involved a subsequent oxido-reduction 
of the three different cytochromes, and probably also of the oxidase 
before molecular oxygen is brought into reaction. The complexity of this 
mechanism may be responsible for the initial period of slow oxygen 
uptake. This period, during which the oxygen uptake slowly increased, 
was followed by a period of unif orm oxidation rate which, however, 
remained below that observed with polyphenol oxidase. The oxygen 
uptake slowed down when 2 atoms of oxygen per mol. had been con- 
sumed. The break on the curve of Fig. 3 is less sharp than that of Fig- T 
In the experiment from which Fig. 3 is taken the manometer flasks were 
set up as follows : 

Main flask: TO c.c. phosphate buffer + 0-5 c.c. cytoohrome c solution 
+ 0-3 c.c. cytochrome oxidase. 

Side bulb: 0-2 c.c. adrenaline hydrochloride ( = 2 mg. base). 

Inner tube: 0-3 c.c. N KOH. 

f = 19-0°; gas phase : air. 

Samples were assayed on the arterial blood pressure of the cat, the 
results being given in Table U. There was still 4 % adrenaline activity 
left after about 1 hr. of incubation when approximately 2 atoms of 
oxygen had been used. This can be understood if we consider that the 
reaction occurs more slowly than with polyphenol oxidase. A perceptible 
amount of the first reaction product must already have undergone 
further oxidation and contributed to the oxygen consumption when 
some of the adrenaline was still present as such. 

Once the pressor activity had disappeared the solution remained 
inactive even if incubated for a further period of many hours. In no 
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instance did we observe a depressor activity. Similar results were 
Itoined the eBeyme ™ mmbeted ™ith an atonabne aotaton 


1 in 10 5 . 



Fig. 3. Oxygen, uptake of adrenaline with cytochrome + cytochrome oxidase. 


Table IL Oxygen uptake and inactivation of adrenaline by 
cytochrome oxidase + cytochrome 


Tune of 
incubation 
in min. 

61 

63 

176 


Oxygen 
consumed in 
cm 0, 

196 

271 

367 


Activity 
expressed in 
% of initial 
activity 

26 

4 

0 


Peroxidase. Since the oxidation does not involve an uptake of oxygen 
it cannot be measured manometrically. We have taken the colour changes 
as an approximate measure for the course of the reaction. As soon as 
the latter was started by tipping in the adrenaline from the side bulb 
the solution became pink. The intensity of the colour gradually increased 
and after 2 hr. the solutions were deep red. Later they became dark 
brown and a precipitate was formed. With the development of the red 
colour the solution gradually became inactive and remained so at later 
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stages when the change to the brown colour occurred. These results are 
illustrated in Table III, taken from an experiment in which the flash 
were set up as follows : 

Main flask: 1-6 c.c. phosphate buffer + 0-1 c.c. 0AM hydrogen 
peroxide (perhydxol) + (M c.c. peroxidase solution (containing 0-3 mg. 
peroxidase). 

Side bulb: 0-2 c.c. adrenaline hydrochloride (=2 mg. base). 

< = 17-0°; gas phase: N z . 

The assay in this experiment was done on the cat’s blood pressure 
and on the isolated intestine of the rabbit. It will be seen that the loss 
of inhibitor activity on the intestine occurred at about the same time as 


Table HI. Inactivation of adrenaline by peroxidase 

Activity expressed in % 


Time of 
incubation 
in min. 

Colour 

/ ■**- 

Cat’s blood 
pressure 

Rabbit’s 

intestine 

55 

Pink 

45 

— 

05 

Red 

— 

7 

135 

Red 

— 

4 

165 

Red 

— 

0 

191 

Brownish 

0 

— 


the loss of pressor activity. When the solution was retested after 3, 4 
and 5 hr. on the cat it caused no change in blood pressure. There was no 
depressor activity. Similar results were obtained in experiments in which 
the initial adrenaline concentration was 1 in 10 5 . 


Discussion 

The curves of oxygen uptake in our experiments both with polyphenol 
oxidase and with the cytochrome system show that two different reactions 
can be distinguished. There is an initial fast reaction characterized by 
the development of a red colour, the uptake of 2 atoms of oxygen per 
mol. adre nalin e, and the inactivation of the solution. This is followed by 
a prolonged reaction during which oxygen uptake is slow and the colour 
changes to brown. The initial fast reaction is the formation of adreno- 
chrome which requires 2 atoms of oxygen [Green & Richter, 1937]. There 
is a parallelism between the amount of adrenaline inactivated and the 
formation of adrenochrome as measured by the oxygen uptake. The 
second slow reaction is probably not catalysed by the enzymes, adreno- 
chrome being unstable in the presence of oxygen. This reaction does not 
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Lead to new pharmacologically active oxidation products of adrenaline. 
The formation of adienochrome by phenolases and its subsequent 
oxidation is therefore not responsible for the formation of Bacq’s 
adrenoxine. 

In the experiments with peroxidase no oxygen uptake could be 
measured, hut the inactivation was also correlated with the formation 
of a red substance which is very likely adienochrome. The experiments 
showed that the excitatory and inhibitory actions of adrenaline dis- 
appeared simultaneously. Similar results have been obtained in previous 
experiments in which adrenaline was incubated with extracts from 
mammalian liver [Blaschko & Schlossmann, 19366], We know now that 
in these experiments the inactivation of adrenaline must have been 
brought about mainly by amine oxidase. Thus, oxidation of the catechol 
group as well as that of the side chain is associated with simultaneous 
loss of the excitatory and inhibitory properties of the adrenaline molecule. 

About the enzymic destruction of adrenaline in viro little is known. 
Both amine oxidase and the phenolases may be involved. Some of the 
enzymic systems used in our experiments have not been found in higher 
animals. Peroxidase has been isolated from plants and polyphenol 
oxidase from plants and from invertebrates only. Recently, Mann & 
Keilin [1939] described the occurrence of copper-protein compounds in 
mammalian tissues. They were not catalytically active, hut it is con- 
ceivable that similar compounds with phenolase activity exist. The 
cytochrome system is known to be present in mammalian cells and may 
participate in the destruction of adrenaline. In fact, the ubiquity of this 
system in the mammalian organism raises another question, Le. the 
protection of adrenaline from the cytochrome system. This protection 
may be due to substances like ascorbic acid or sulphydxyl compounds 
known to protect adrenaline from inactivation by phenolases in vitro 
[Toscano Rico & Malafaya Baptista, 1935; see also Richter, 1934]. The 
study of specific inhibitors of enzymes like cboline esterase and amine 
oxidase has opened a new approach to the understanding of pharma- 
cological problems. The inactivation of adrenaline is one of these problems. 
A recent observation of Clark & Ravent6s [1939] may find its explanation 
along these lines. They obtained prolonged action of adrenaline on the 
frog’s auricle after ascorbic acid. Since the heart muscle contains the 
cytochrome system in high concentration the protection of adrenaline 
rom inactivation by this system might explain the observation of Clark 
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THE PERMEABILITY OF THE BLOOD-AQUEOUS 
HUMOUR BARRIER TO POTASSIUM, SODIUM, 

AND CHLORIDE IN THE SURVIVING EYE 

By H. DAVSON 1 and J. P. QUILT A A M 

From the Department of Physiology, Pharmacology and 
Biochemistry, University College, London 

(Received 17 October 1939) 

There is a great deal of evidence that the aqueous humour is a filtrate 
from the blood plasma, molecules of the size of serum albumen or larger 
being retained whilst crystalloids are distributed between the two fluids 
in a manner characteristic of ultra-filtrates in vitro. If thiB is so, then the 
intra-ocular pressure will be determined by the capillary pressure and the 
colloid osmotic pressure of the blood; the cause of the raised intra-ocular 
pressure in glaucoma may be sought, possibly, in a derangement of the 
normal hydrostatic or osmotic relationships. 

Against this view the early idea of Seidel [1920], that the aqueous 
humour is a secretion, has been revived. Its extreme form has been put 
forward by Robertson [1939a, b] and by Robertson & Williams [1939]. 
They claim that the formation of the fluid is virtually independent of the 
composition of the plasma and that its pressure is independent of the 
relative osmotic pressures of the plasma and the aqueous. Such a theory 
is difficult to reconcile with the classical researches of Henderson & 
Starling [1904] who showed that the intra-ocular pressure is directly 
connected with the arterial pressure, and the more recent investigations 
[Duke-Elder, 1927; Duke-Elder & Duke-Elder, 1931] on the influence of 
the composition of the blood and of the vascular pressures on the intra- 
ocular pressure. Recently, Duke-Elder [1938] has put forward the view 
that the aqueous behaves in a general way as a dialysate, but that its 
composition and osmotic pressure are modified by an activity of the 
epithelial cells of the ciliary body. - This view promises to reconcile 
opposing standpoints. The present work is designed to show to what 
1 Beit Memorial Research Fellow. 
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extent the membranes lining the living eye can, by a cumulative activity, 
modify the rate of exchange of ions between the plasma and the aqueous 
humour, either qualitatively or quantitatively. In this paper we shall 
refer to the barrier between the blood and the aqueous humour simply as 
the membrane such a barrier will obviously include such membranes 
as the endothelial capillary membrane, Bruch’s membrane, etc. 

Perhaps the only really strong argument made by Robertson in 
favour of his view is that the membrane of the eye shows uni-directional 
permeability, crystalloids and water being able to penetrate into the 
eye but not out of it. Unfortunately this author neither presents experi- 
mental evidence nor quotes any reference in support of this claim. If this 
were so a membrane with this property would, from analogy with other 
systems, be expected to show secretory functions, although uni-directional 
permeability per se would not necessarily preclude an equilibrium 
distribution of crystalloids indistinguishable from that in a dialysate. 
Gaedertz & Wittgenstein [1927], on the basis of experiments carried out 
chiefly with dyes, claim that the membrane is specifically permeable to 
anions and impermeable to cations ; this fact itself would not justify the 
postulation of a secretory mechanism, since specific ionic permeability 1 a 
associated with cells which show no secretory activity, e.g. the erythro- 
cyte [Davson & Danielli, 1938]. The demonstration of a specific anion 
permeability of the membrane would also provide useful theoretical 
evidence for secretory activity, whereas a membrane incapable of 
distinguishing between negative and positive ions would give greater 
difficulties. 

In the present work three main problems have been investigated : 

(a) Does the membrane, as claimed by Robertson, show um-direc- 
tional permeability to crystalloids? 

(b) Is the membrane, as claimed by Gaedertz & Wittgenstein, 
specifically anion permeable? 

(c) Can the membrane secrete ions? 

By using the isolated head preparation and varying the concentra- 
tions of potassium, sodium and chloride in the perfusing fluid, unequi- 
vocal answers to the problems (a) and ( b ) were obtained, showing that the 
claims of Robertson and of Gaedertz & Wittgenstein are without founda 
tion. To test (c) a similar preparation was used. Secretion is associated 
with an oxidative activity of the cells which is normally poisoned by 
cyanide (see Hhber et al. [1927-30] in respect of kidney and fiver, and 
Huf [ 1936 ] in respect of frog’s skin). If, therefore, the cells secrete, then 
the rate of penetration of an ion, such as potassium, aci 
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brane, should vary according as the eye is alive or poisoned with cyanide. 
If this argument is correct, then the results shown here do not radicate 
that there is a secretion of the potassium ion by the membrane. . 

The rate of penetration of potassium was measured in the direction 
from blood to aqueous humour, since it is possible to maintain a reason- 
ablv constant high level of potassium in the blood. An attempt was 
made to measure the rate of penetration of potassium from the eye into 
the blood. To do this it was necessary to reduce the potassium content of 
the perfusing blood, and this was done by dialysing the blood against 
isotonic XaCl-iSaHC0 3 . It was found, however, that the level of potas- 
sium in the blood rises so rapidly to its normal value during the perfusion 
that it was impossible to maintain a concentration difference between the 
inside and the outside of the eye for long enough to make accurate 
measurements. Presumably the rise in blood potassium was due to an 
escape from the muscle [Penn, 1936] and/or nerve cells. 

The rates of penetration of sodium and chloride were measured in the 
direction of eye to blood, since it is possible to reduce tbeir concentration 
in the blood by diluting witb isotonic solutions containing a colloid, 
thereby maintaining the relative osmotic pressures reasonably constant. 
One experiment was carried out with a raised sodium content, i.e. 
sodium penetrating from blood to aqueous humour, but the result was 
uncertain, since the large differences in osmotic pressure created by the 
addition of sodium chloride caused water to pass out of the eye. 


Expehgeextal 


The essentials of the procedure were to perfuse an isolated cat's head 
with cat’s blood containing either an excess or deficiency of one of the 
ions, potassium, sodium or chloride. The aqueous of one eye was nsed to 
obtain the initial value of the concentration of the ion considered, and 
after a definite interval of time the aqueous of the other eve was with- 
drawn for analysis. Determinations of the concentration of the ion in the 
blood serum during the perfusion gave the concentration difference 
between the serum and the aqueous, and from these values a permeabilitv 
constant could be calculated. " 


11 hen it was desired to compare the rates of penetration of a mven ion 
mto the bvmg and dead eyes of the same head, a determination of the 
concentration of the ion in the animal’s own blood at tbe time of sever- 
ance o the head enabled us to make an approximate calculation of the 
concentration initially present in the aqueous. Consequently the with- 


10—2 
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dxawal of the aqueous from the one eye was made after 1 hr. of perfusion, 
and from the other after a further hour during which the head was 
poisoned with cyanide. In this way two permeability constants were 
obtained, one for the penetration into the living eye, and one into the 


poisoned eye. 

Details of perfusion. The cat was anaesthetized with ether and subse- 
quently with chloralose. The dorsum of the second cervical vertebra was 
exposed and cleaned, and a dissection was then made to expose the 
common carotids for about in. to their bifurcation. Portions of the 
larynx and trachea were removed. The common carotids were clipped, 
cannulated and connected with the perfusion circuit. Just before the 
occlusion of the vertebral circulation with an dcraseur the clips on the 
carotids were removed, thereby establishing the perfusion of the head. 
As a result the head was not deprived of a fully oxygenated blood supply 
at any time during the procedure. A Dale-Schuster pump was used to 
propel the blood through the perfusion circuit which included a re- 
sistance and an oxygenator, the latter being of the type used by Gregory 
[1939] and Chute & Smyth [1939]. A current of 95 % 0 2 and 5 % C0„ was 
passed through it. The temperature of the circulating blood was mam 
tained at 37° C. by immersing most of the circuit in a water-bath, t e 
temperature of which was controlled by a thermoregulator of the type 
used by Lythgoe & Quilliam [1938], Two cats were usually bled under 
ether anaesthesia to provide defibrinated blood for the perfusion apparat 
before the experiment. For further details of the procedure the reader i 
referred to a paper by Chute & Smyth [1939]. The perfusion pressure wa 
maintained as constant as possible at 180 mm. Hg. The flow varied wr 
diff erent animals between 40 and 90 ml. /min. and invariably increas 


after poisoning the preparation with cyanide. 

The isolated head thus prepared exhibits a blink reflex in response o 
a puff in the eye, or to a movement of the vibrissae, or to a direct stinu 
tion of the cornea or the inner canthus of the eye. A tap on the n 
elicited a jaw jerk and a blink, and often in raised blood potassium 
experiments a series of jaw movements. The pupil of the eye was co 
stricted, and spontaneous eye, ear and jaw movements were occasional J 
seen. These reflex movements were invariably more marked in prepara- 
tions perfused with blood of high potassium content. When the isolate 
head is deprived of an oxygenated blood supply, or is poisoned with 
cyanide, the reflexes vanish and the pupils dilate widely. In the ymg 
head gasping movements of the jaws and a series of movements of the 
alae of the nostrils were observed. The constriction of the pupil was taken 
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as an indication that the Reparation was alive. Eye fluids for analysis 

were withdrawn with a clean dry syringe. 

Chemical methods of analysis. Davson [1939] has recently described an 
exceptionally accurate method for the determination of sodium m serum 
and aqueous humour involving the Barber -Kolthoff [1928] gravimetric 
precipitation. This method was used in this work for both Bodium and 
potassium, the latter being precipitated by the Kramer [1920] sodium 
cobaltinitrite procedure and estimated volumetrically. The chloride was 
determined by the method of Sendroy [1937]. 

Theoretical 

The rate of penetration of a substance into the eye will be given by the 
following equation: 

|=M(C 8 -C m ); 

x is the amount of the substance penetrating into the aqueous humour, 
C e and are the concentrations of the substance in the serum and 
aqueous humour respectively, A is the area of the membrane through 
which diffusion occurs, k is a permeability constant, and t is the time in min. 

This assumes that the rate of passage across the membrane is slow 
compared with the rate of diffusion in the eye and blood. 

Since the concentration of the substance at any moment is given by 
C^=(x + I)jV, where I is the amount initially present in the eye and F is 
the volume of the fluid in the eye, which remains virtually constant, we get 

_ k A - p p . 

dt ~ 7 \°S — '■'Aqb 

vrWot give, igEsgfc 

_ UA 1 
~ V 2-303 

assuming that the serum concentration remains constant (actually the 
serum concentrations did vary slightly so that a mean value for the whole 
period was used), q is the time at the beginning and t 2 the time at the end 
of the experimental period. 

Tims if it is assumed that A/Y, the ratio of the area of the blood- 
aqueous barrier to the volume of the eye is constant for different eyes, the 
logarithmic ratio may be considered as a measure for comparison of the 
rates of penetration of a given substance into the eye. So that the 
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greater the rate of penetration, the greater will be the value of K. Such 
a treatment is not strictly correct for ionic permeability, since potential 
differences will be set up owing to the unequal rates of diffusion of the 
positive and negative ions. Since many of the basic assumptions of the 
equation are first approximations only, and further, since the experiments 
show that the relative rates of penetration of anions and cations are not 
greatly different, a more exact treatment would be supererogatory. It 
should be noted that E, the measure of the rate of penetration of any 
given ion, is independent of the concentration uni ts used so that for the 
convenience of appreciating the relative magnitude of the changes in 
concentration, the actual concentrations have been scaled so that A v the 
initial concentration in the aqueous humour, is equal to 100. 


Results 

In Table I the initial concentration of the potassium ion in the 
aqueous humour (Aj) is made equal to 100, and its concentration in the 
aqueous humour after a definite interval of perfusion (A s ) and its mean 
value in the serum (S) are scaled up appropriately. 

Inspection of the values of K, the measure of the rate of penetration 
of potassium, shows a variability between the extremes of 17 and 36, 
with a mean value of 24 for the rate of penetration into the living eye, 

Table I. Penetration of potassium into the aqueous humour. The concentrations of 
potassium are scaled so that , the initial aqueous concentration, is made equal to 
100. A % is the aqueous concentration after perfusion with a serum potassium of S- 
The time period in all cases was 1 hr. except in the experiment 12. i. 39, where it was 


75 min. 






Exp. 

A 

A 

a ioo- 

[k- 1 log — 

l ° 8 {S-A,) h j 

Remarks 

3. i. 39 

100 

134 

160 

36 

Alive 

21.xii.38 

100 

163 

256 

23 

Alive 

14. xii. 38 

100 

148 

253 

16 

Alive 

7. xii. 38 

100 

165 

220 

27 

Alive 

15. xi. 38 

100 

115 

143 

20 

Alive 

18. i, 39 

100 

160 

227 

28 

Alive 

5. v. 39 

100 

121-5 

149-5 

25 

Alive 

11. v. 39 

100 

122-5 

160 

20 

Alive 

15. v. 39 

100 

123-5 

174 

17 

Alive 





Mean =24 


12. i. 39 

100 

176 

258 

23 

Poisoned 

24. iii. 39 

100 

124-6 

166 

20 

Poisoned 

31. ili. 39 

100 

134 

195 

19 

Poisoned 

18. v. 39 

100 

147 

206 

25 

Poisoned 

25. v. 39 

100 

138-5 

185 

26 

Poisoned 

28. vi. 39 

100 

116 

146 

m 

Poisoned 





Mean =22 



Mean value of K for all experiments on live and poisoned heads =23. 
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against a mean value of 22 for the poisoned eye. In view of the mdiyidual 
variations a difference between the means of only two units is without 
significance. Thus, so far as these experiments go, there is no great 
difference in behaviour between a living and a dead eye in respect to the 
rate of penetration of potassium. Whether or not the variability of the 
preparations is due to different permeabilities of the membrane, or 
merely to variations in A/Y, cannot be decided at present. The fact that, 
out of the nine experiments on living eyes, six values of K differ by not 
more than four units from the mean, indicates a regularity in behaviour 
in response to a raised blood potassium that is reconcilable with a 
mechanical diffusion process. 

In an endeavour to obtain more accurate evidence as to the possible 
difference in behaviour of living and dead eyes, experiments were carried 
out in which the head was perfused with a blood containing a raised 
potassium content for two successive hours, 1 hr. alive and 1 hr. either 
alive or poisoned with cyanide. In this way a direct comparison on the 
same animal could be made, provided a value for the initial concentration 
in the aqueous humours of the eyes before the perfusion began could be 
obtained without withdrawing the aqueous humour. An approximate 
value can be obtained by estimating the potassium content of the serum 
of the animal whose bead was used in the experiment, and multiplying by 
the factor 1/1-07, which is the average ratio of the concentrations of 
potassium in the aqueous humour and serum at the end of the operative 
procedure. The high value is due to a gradual increase in the potassium 
content of the blood under anaesthesia, the concentration in the aqueous 
humour lagging behind. This unfortunately may introduce a rather large 
error into the calculation, perhaps in an extreme instance of approxi- 
mately six units. It is not sufficient, however, to mask any large change 
• in permeability which would be expected if cyanide suppresses a secre- 
tory mechanism. The results of this series of experiments are shown in 
Table II, where “ A x ” is the calculated value of the initial concentration 
of potassium in the aqueous humour, A 2 is the value after 1 hr. of per- 
fusion and A z after a further hour. <S 1 and <S, are the mean values of the 
serum potassium concentration during the first and second hours re- 
spectively. /fj and refer to the values of 


l , I s ---id,, 


calculated for penetration during the first and second hours 

In the first three experiments shown in Table II, the head was alive 
for both penods of 1 hr., and it is seen that the values of K x and K. are 
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Table H. Penetration of potassium into the aqueous humour of both eyes. The concentra- 
tions of potassium are scaled so that “At", the caloulated initial aqueous concentra- 
tion before the perfusion, is made equal to 100. A t and A s are the observed aqntotu 
concentrations after 1 and 2 hours’ perfusion with a Wood containing potassium in the 
mean concentrations of S 1 and S t respectively. 


Exp. 

“Ah” 

A, 

A, 


s. 

if, x 100 E, 

x 100 

Remarks 

15. r. 39 

100 

144-5 

179 

244 

252 

16 

17 

Alive 

11. v. 39 

100 

161 

197 

258 

252 

22 

20 

Alive 

5. v. 39 

100 

161 

184 

226 

226 

23 

25 

Alive 

25. v. 39 

100 

171 

237 

298 

317 

19 

26 

Poisoned 

31. iii. 39 

100 

140 

188 

248 

275 

14 

19 

Poisoned 

24. iii. 39 

100 

140 

174 

206 

233 

21 

20 

Poisoned 

28. vi. 39 

100 

134-5 

166 

187 

196-5 

22 

19 

Poisoned 


reasonably constant. In the last four experiments the head was poisoned 
with cyanide at the beginning of the second hour, and it is seen that 
although there is a slightly greater variation in the relative values of \ 
and K i the differences in any given experiment fall within the limits o 
experimental error. A slight increase in the value of K during the secon 
hour might be expected owing to the increased flow that occurs after 

poisoning with cyanide. , 

In Table III are shown some results on the diffusion of sodium and 


chloride. 


Table m. Permeability of the aqueous humour-blood barrier to sodium and c °n • 
The concentrations arc scaled so that A lf the initial aqueous concentration, “ 
equal to 100. A, is the aqueous concentration after perfusion for one hour wi 
serum concentration of S. In experiment 25. i. 39 penetration is in the direct ^ 
to aqueous humour, in the remaining experiments the direction is from aqu 


humour to blood. 


Exp. 

A t 

At 

S 

K x 100 



Sodium 



17. iii. 39 

100 

94 

75-6 

10 

22. ii. 39 

100 

90-5 

70 

17 

19. v. 39 

100 

97-5 

74-5 

5 

26. v. 39 

100 

96-5 

80 

8 

31. v. 39 

100 

94-5 

60 

6 





Mean = 0 

25. i. 39 

100 

111 

119 

38 



Chloride 



19. vi. 39 

100 

94-5 

80 

14 

14. vi. 39 

100 

94 

78 

14 

In the first 

five sodium experiments 

the concentrati' 


Remarks 

Alive 

Alive 

Poisoned 

Poisoned 

Poisoned 

Alive 


Poisoned 

Alive 


the serum was reduced by the addition ot a minting mixture 
isotonic glucose and gelatine, or gum arable; in this way the osmotic 
pressure was maintained as constant as possible. It is very difficult t 
make viable preparations using such a perfusion fluid, and a number 
died soon after the change over. When this occurred, cyan e was a 
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to ensure complete suppression of any secretory activity and the values 
of E so obtained are presented in Table m. It should be emphasized 
here that me do not wish to make a close comparison between the per- 
meabilities of living and dead eyes to sodium and chloride owing to the 
small number of experiments on these ions. Our main desire is to show 
that sodium and chloride can diffuse out of the eye. If the suppression of 
a secretory activity could be expected to produce a marked alteration in 
the permeability to sodium and chloride then of course a comparison of 
the figures presented mould certainly indicate the absence of a secretory 
activity. The results, homever, shorn beyond doubt that sodium can 
penetrate the membrane betmeen the blood and the aqueous humour. In 
the sixth experiment the sodium content of the blood mas raised by the 
addition of M NaCl. This increased the osmotic pressure and therefore 
caused a loss of mater from the eye; this mas apparent by the marked 
decrease in the intra-ocular pressure 1 as soon as the sodium chloride mas 
added. It is to be noted that the value of K in this instance is 38 against 
values of 5-17 for the rate of penetration in the opposite direction, and 
this difference is doubtless due to the migration of mater producing an 
apparent penetration of sodium. Whether any sodium actually penetrates 
cannot be proved. 

In the same table tmo experiments are shomn on the rate of loss of 
chloride from the eye, one on a live head and the other on a poisoned one. 
In these cases the blood mas diluted mith isotonic NaN0 3 -NaHC0 3 
solution. The results shorn no difference in behaviour betmeen the living 
and dead eye. The close agreement betmeen the tmo values is accidental. 
The point that me wish to emphasize from the results in Table III is that 
sodium and chloride are able to migrate across the membrane. 

The mean value of K for the penetration of sodium from the aqueous 
humour to the blood is 9 compared mith a value of 23 for potassium 
penetrating in the reverse direction. This difference is significant, and is 
mhat one mould expect from the comparative sizes of the tmo ions. 
Chloride seems to diffuse at about the same rate as sodium, thereby 
showing that Gaedertz and Wittgenstein’s claim of specific anionic 
permeability is both qualitatively and quantitatively unfounded. 


This observation confirms the carter work of Duke-Elder [1927], showing that the 
intra -ocolar pressure u an inverse function of the osmotic pressure of the blood. It may also 
Ue noted that reduction of the colloid osmotic pressure of the blood bv diluting it with 
isotonic sodium chloride eolation causes a large increase m mtra-oeular pressure! Conse- 
quently Robertson’s [193S] claim, based on measurements involving the use of the in- 

n C0U ° id ° sm0tk pre35are ^ no influence on the intra- 

ular pleasure u not home out by experiments on the surviving eve. 
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Discussion 


The results described in this paper prove that potassium and sodium 
may penetrate into the eye and that sodium and chloride may pass out; 
consequently, any secretory theory of the formation of the aqueous 
humour, which assumes an irreciprocal permeability of the membrane or 
a specific ionic permeability, is without foundation. 

It should be noted that the experiments of Gaedertz & Wittgenstein, 
which led them to conclude that the membrane is specifically permeable 
to anions, were based essentially upon studies of the penetration of dye- 
stuffs into the eye. Acid dyestuffs were found to penetrate, whereas 
basic dyes, e.g. neutral red, did not. Most dyestuffs are weakly acidic or 
weakly basic, and it is now generally accepted that the mechanism of 
penetration of salts of weak acids and bases through a membrane is 
essentially different from that of salts of strong acids and bases, such as 
NaCl; the former being brought about by the penetration of undissociate 
acid or base produced by hydrolysis [see Tyler & Horowitz, 1937; Kiati 
& Clowes, 1938], followed later by ionic exchanges; the latter by ionic 
exchanges alone. Thus salts of the weak base ammonium penetrate 
readily into the erythrocyte, which is impermeable to cations, ® 
mechanism being most probably the initial penetration of ammonia 
followed by an exchange of anions [Jacobs, 1927; Jacobs & Parpart, 
1938], The demonstration of the rapid penetration of salts of weak bases 
such as ammonium into the erythrocyte does not prove that its membrane 
is specifically cation permeable, but rather supports the opposite view 


that it is specifically anion permeable. 

There are many other objections to the use of dyes in permeabi y 
studies which need not be entered into here. It is enough to say that t 
apparent failure of a dye to penetrate into a given cell is not only duo t 
an impermeability of the cell membrane to molecules of this dye, 0 
involves the problem of vital staining, a much more complicated subjec 
which has been exhaustively reviewed by Gicklhorn [1931]. 

An interesting investigation based on the use of dyes was made y 
Friedenwald & Stiehler [1938]. They claim that the epithelium of t 
ciliary body 6hows a selective permeability in that water and basic 
dyes are preferentially transferred in the direction of blood to aqueous 
humour, and acidic dyes in the reverse direction. This selectivity is sai 
to be due to the concentration of Warberg’s yellow enzyme in the ciliary 
epithelial cells. In view of the fallacy in arguing from the behaviour of 
dyestuffs to the behaviour of ions in general, it is perhaps unfortunate 
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« these striking claims rely essentially on otarsmtoms of setectoe 
staining. In addition Eose Bengal which was principally nsed in this 
investigation is a strong haemolytic agent in concentrations above 
1 X lCri 6 M in the presence of light and above about 1 x Hr 4 M m the 
dark [Blum, Pace & Garrett, 1937]. Friedenwald & Stiebler used a con- 
centration of 1 x lO' 3 M. The action of lysins of this class is not confined 
to the erythrocyte [Lillie, Hinnchs & If osman, 1935]- ... 

Proponents of the secretory theory argue that the distribution of 
diffusible substances between the aqueous humour and the plasma is not 
in accordance with that required by the Donnan equilibrium. The 
evidence from chemical analyses is certainly conflicting. To quote only 
the more recent publications, Davson, Duke-Elder & Benham [1936] 
find that the sodium, potassium and chloride ions are distributed 
approximately in accordance with theory, whereas Hodgson [1938] finds 
the excess of chloride in the aqueous humour to be too great. More 
recently, D&vsou [193.9] has carried out analyses of sodium in the aqueous 
humour and the plasma of cats, avoiding disturbances due to anaesthesia 
and using a method which gave a mean error of about 1 in 500. He found 
that although individual cats showed variations in their distributions 
from a theoretical ratio of 1-01, the variations were no larger than those in 
experimental ultra-filtrates and dialysates. Similarly, Stary & Winter- 
nitz [1932] showed that although the concentration of calcium in the 
aqueous humour is 7-4 mg.% compared with a value of 12-1 mg. % in 
serum, the concentration in an ultra-filtrate of serum was 7-4 mg.%, i.e. 
the same as that in the aqueous humour. The explanation of the dis- 
crepancy from the theoretical value is that some of the calcium in serum 
is indiffusible. Deductions from estimations of the relative concentra- 
tions of non-electrolytes in serum and aqueous humour present some 
difficulty, since (a) the chemical methods may not be sufficiently specific, 
so that comparison between a protein-free and a protein-rich fluid is not 
justified, and (h) where the non-electrolyte is a metabolite, its concentra- 
tion in the aqueous humour and plasma will vary continuously. The 
results of W alker [1933] and Adler [1933] on non-electrolyte distribution 
conflict with the dialysis theory. It would not he fair to dismiss them on 
the above grounds alone. The decision as to whether there is an active 
secretion of urea, glucose, etc., will depend on investigations of the sort 
escribed here. Nevertheless, it would be very unsafe to argue that 
because some non-electrolytes are not equally distributed between tbe 
two fluids, there is therefore an active secretion of these substances, 
cither into or out of the eye. This point is well exemplified by the work of 
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Fischer [1930], who found that the distribution of lactic acid between 
blood and aqueous humour was different in normal and aphakic eyes, the 
concentration in the aqueous in the former being larger, presumably 
owing to the continuous addition of metabolites from the lens which 
would be absent in the aphakic eye. 

Attention should be drawn to the recent observation of Benham, 
Duke-Elder & Hodgson [1938] that the osmotic pressure of the aqueous 
humour is higher than that of the blood; i.e. the osmotic pressure 
relations are the opposite to those required by the Donnan equilibrium. 
The method of measurement depended on the relative rates of evapora 
tion of two fluids [Hill, 1930], and there is a possibility that the proteins 
in serum are capable of modifying the rate of evaporation without modi 
frying the osmotio activities of the other molecules in serum [Bideal, 
personal communication]. Until such an acceleration in the rate o 
evaporation can be proved the results just quoted present a stumbling 
block to the acceptance of a simple ultra-filtration mechanism for the 
formation of the aqueous humour. 

A novel argument in favour of a secretory mechanism is that o 
Robertson [1939a]. This author has followed the penetration of glucose, 
urea, etc., into the lymph, the gastric juice, the cerebrospinal fluid an 
the aqueous humour after an intravenous injection of the substances. 
He argues that, because the course of penetration into the aqueous 
humour follows that into the gastric juice more closely than that into t 
lymph, the aqueous humour is a secretion. Reference to the equation 
derived to suit the conditions of penetration into the eye will shore t 
the rate of variation of the concentration of the penetrating substance a 
any given moment is a function of A/V , the ratio of the area of t 
membrane to the volume of fluid in the eye. For comparison betwee 
rates of penetration into two different systems, this ratio must be known, 
otherwise differences in the rate may simply be attributable to difference 
in t his ratio and not to any special characteristic of the membrane. 1 1 
clear that in two such anatomically different systems as the optic an 
lymphatic even an approximate equality of A/Y is unlikely, so that t e 
comparisons are without value. Quite apart from this consideration 
argument ignores certain obvious dissimilarities of the circulation o 

fluids compared. , 

This brief review of the problem of the origin and conditions o 
maintenance of the aqueous humour shows that there are many points 
be settled. Clearly, then, a decisive answer to the question ^ J 
aqueous humour a dialysate? ” cannot be given unti 
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work is forthco ming . The results described in this paper, however, indi- 
cate that the influence of a secretory activity in respect to the potassium, 
sodium and chloride ions is negligible. 

Summary 

1. The surviving isolated head was perfused from a pump oxygenator 
circuit, the concentrations of the potassium, sodium and chloride ions in 
the perfusing fluid were varied and the rate of penetration of the ions into 
the aqueous humour was determined chemically . 

2. In response to a raised potassium content of the perfusing fluid 
potassium penetrated into the eye; the rate varied from animal to 
animal, but eleven out of fifteen experiments gave values of a “ permea- 
bility constant *' (K) not differing from the mean by more than 16 %. The 
mean (fv) of a group of experiments on living eyes was not significantly 
different from that of a group of eyes poisoned with cyanide. 

3. In response to a decreased sodium content of the perfusing fluid 
sodium penetrates from the eye into the blood; the rate of penetration is 
about one-tbird of the rate for potassium. 

4. In response to a decreased chloride content of the perfusing fluid 
chloride diffuses out of the eye; the rate is about the same as that of 
sodium. 

5. The results show that the membrane separating the eye fluids 
from the blood is not specifically impermeable to cations, as claimed by 
Gaedertz k, Wittgenstein, nor does it show unidirectional permeability as 
claimed by Robertson. The experiments comparing the behaviour of 
living and poisoned eyes indicate that the membrane does not secrete 
potassium and probably not sodium or chloride. 

\\ c are indebted to Sir Stewart Duke-Elder for encouragement and advice, and to the 
Medical Research Council for defraying the whole expenses of this work. 
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MAMMALIAN UX STRIATED MUSCLE 

a.c. produces a twitch ns well ns n tonic contraction, these t"o t on 
tractions are antagonistic. The tonic contracAiou is chnnu torizoil l>\ h 
relaxation, nnd is produced hy ions outside the muscle fibres, ns it. is 
produced if stimulating ions nrendded to the external solution. A process 
(resulting in n twitch) produced by a.<\. nnd probably due to the mobili- 
zation of ions within the muscle fibres, is antagonist if to the action of 
ions without the fibres, so that when the a.c. is stopped, the disappear- 
ance of this process brings into effect the action of ions outside the 
fibres which had been antagonized during the passage of A.c.; this 
results in an a.c. otT-contrncture. 

The above experiment- suggests that the passage of the current affects 
ions both inside and outside the muscle fibres; t lie result depends upon 
the sensitivity of the muscle to ions outside. If the muscle is less sensitive, 
then a twitch is produced. If the sensitivity is greater, the twitch 
decreases hut the relaxation is prolonged; if the sensitivity is great, ns 
iu cyanide with Mylilus muscle, the twitch disappears and a tonic 
contraction is produced. Verntnnc antagonizes tone as well ns the tonic 
contraction produced by A.c. 

(4) The sodium chloride content of ninminnlinn saline is greater than 
that of frog saline, so that mammalian plain muscle withstands the 
presence of abnormal substances better than frog muscle, but is much 
inferior in this respect when compared to Mytihis muscle. 

Similarities between the responses of mammalian ami frog or Mytilus 
muscles. Both muscles exhibit two kinds of contraction, tonic nnd phasic. 
When the muscle is in great tone, or tonic contraction is induced by other 
substances, sucli ns drugs or anions, the excitability diminishes. Hence 
tonic contraction is one of the factors that affects the two excitabilities 
similarly; this is presumably due to increased viscosity. Correspondingly, 
substances that diminish tone, such as small concentrations of drugs, or 
ions, increase the excitability. During a contraction produced by a.c. 
potassium, or acetylcholine, tone diminishes, so that n twitch is antagon- 
istic to tone. As most agencies affect the excitability to a.c. and potassium 
similarly, it waB not easy to define the existence of two excitabilities 

!n mammalian muscle; the following reactions, however, demonstrate 
these. 

Increase in the concentration of hydrogen ions from jiH 6-5 to 5 
nishes the excitability to a.c., but increases that to potassium, 
ncrease in the concentration of calcium from 0-002 M to 0-03-0-06 M 
a lj decreases the excitability to a.c., but increases that to potassium. 

is due to the fact that owing to slow adaptation, hydrogen and 
f h. xcvm. . . 
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This is the most important difference between the responses of frog and 
mammalian unstriated muscle, and accounts for most of the other differ- 
ences between the reactions of the two muscles. These are: 

(1) The majority of the substances used, anions, cations and drugs, 
affect the excitability to a.o. and potassium in the same direction; in 
mammalian muscle therefore that factor which affects the excitabilities 
similarly is predominant. This is to be expected, as adaptation appear 5 
to play a pro min ent part in determining the response of the musole. 

(2) Mammalian muscle is sensitive both to electrical and chemical 
stimulation owing to slow adaptation. Contraction is caused by small 
concentrations of drugs and ions. Dog stomach reacts to adrenaline, 
hence the inexcitability of frog stomach to adrenaline is due to rapi 


adaptation. 

(3) The a.c. off contracture is absent in mammalian muscle, an so 
also there is no hyperexcitability to chemical stimulation at the end of a 
prolonged period of stimulation with a.o. This is interesting, as it shows 
that the a.c. off contracture is associated with the integral process o 
excitation resulting from a.c. stimulation, and not to extraneous factors, 
such as electrolysis of the saline. It is associated with rapidity of adapta 


The properties of the a.o. off-contracture are those of the potassiu 
contraction. This shows that, during stimulation with A.C., the ions place 
themselves in a position similar to that when they are added from ou 
— that is outside the muscle fibres. The absence of the A.c. off-contrac 
in mammalian muscle, which is sensitive to chemical stimulation, show 
that it is not due to ions in the solution. There appears to be a trans- 
ference of ions from the interior to the exterior of the muscle fa r - 
one kind of adaptation is associated with this phenomenon and a e 
the two excitabilities in opposite directions. The other kind of a »P 
tation is produced by calcium and affects the two excitabilities similar y- 
The A.c. off-contracture is associated with the restitution of the io 
into their original position. The above view is further supported by tn 
fact that in Mytilus muscle, the A.C. off-contracture increases m 
absence of calcium, which is known to diminish the permeability 


There is, however, another kind of a.c. off- contracture, which * 
associated with decreased adaptation, such as in cyanide or increasing 
temperatures (20-30° C.). This is probably due to the action of ions in t 
solution and reinforces the first A.c. off-contracture. The mechanism 
of this contracture is explained by the following observation. 
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about pH 9 to 7; thereafter they both increase (experimental range to 
pH 4). Hydrogen ions in small concentrations are inhibitory; in larger 
concentrations they arc stimulatory and potentiate the response to 
potassium. 

The optimum temperature for A.c. is about 23-2-1° C., as found by 
M'inton [1926], Tone also increases up to *23° C., it then declines to about 
30° C. and increases again up to 45° C. It is interesting to note that the 
temperature of 37 3 C. is more conducive for tone, spontaneous ncti\it\ , 
and chemical stimulation, than for response to a.c. stimulation. 

Withdrawal contractions 

A most significant feature of mammalian plain muscle is the con- 
traction produced by withdrawal of certain substances, ammonium 
(0 out of G muscles), nitrate (G out of G muscles), thiocyanate (G out of G 
muscles, Fig. 2), adrenaline (2 out of 7 muscles, Fig. 3). As judged by the 
effect of hydrogen and calcium ions, the former three contractions belong 
to the potassium group, that, is, they are produced by ions outside. 
Their withdrawal sensitizes the muscle to such ions. The contraction 
produced by withdrawal of adrenaline has not been classified, owing to 
the uncertainty of its production. 

A characteristic action of these substances is that they nt first cause 
relaxation of the muscle. Their withdrawal produces nn opposite change. 
That this withdrawal contraction is associated with this initial relaxation 
is shown by the facts that (1) in frog sartorius only subliminal con- 
centrations of thiocyanate produce contraction (Gclhorn, 1931]; (2) in 
Mytilus muscle withdrawal of adrenaline (1 in 50,000), and acetyl- 
choline (1 in 50,000) may produce a contraction in insensitive muscles, 
which relax instead of contract on the introduction of these substances, 
i.e. they decrease tone, and when withdrawn, produce an opposite change, 
viz. increase in tone; (3) it does not occur with those substances that do 
not produce this initial relaxation. Just as withdrawal of inhibitory 
substances causes contraction, moreover, withdrawal of stimulating 
substances such as potassium, acetylcholine and cessation of a.c. 
(TO V .-10 sec.) produces relaxation. 

The above phenomena are significant, as they show that the muscle 
adapts to the action of ions outside, whether inhibitory or stimulatory, 

y producing an antagonistic effect. This may be related to a change in 
calcium concentration, which antagonizes the action of univalent ions, 
inhibitory or stimulatory. 


11—2 
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about pH 9 to 7; thereafter they both increase (experimental range to 
pH 4). Hydrogen ions in small concentration* arc inhibitor) , in larger 
concentrations they arc stimulatory and potentiate the response to 
potassium. 

The optimum temperature for a.c. is about 23-24° C.. a* found by 
Winton [1926]. Tone also increases up to 23° C., it then declines to about 
30 3 C. and increases again up to 45° C. It is interesting to note that the 
temperature of 37 = C. is more conducive for tone, spontaneous acti\it\ , 
and chemical stimulation, than for response to a.c. stimulation. 

Withdrawal contractions 

A most significant feature of mammalian plain mu'He is the con- 
traction produced bv withdrawal of certain substances, ammonium 
(6 out of G muscles), nitrate (G out of fi muscles), thiocyanate (fi out of G 
muscles, Fig. 2), adrenaline (2 out of 7 muscles, Fig. 3). As judged by the 
effect of hydrogen and calcium ions, the former three contractions belong 
to the potassium group, that is, they arc produced by ions outside. 
Their withdrawal sensitizes the muscle to such ions. The contraction 
produced by withdrawal of adrenaline has not been classified, owing to 
the uncertainty of its production. 

A characteristic action of these substances is that they at first cause 
relaxation of the muscle. Their withdrawal produces an opposite change. 
That this withdrawal contraction is associated with this initial relaxation 
is shown by the faots that (1) in frog sartorius only subliminal con- 
centrations of thiocyanate produce contraction [Gclhorn, 1931]; (2) in 
Mytilus muscle withdrawal of adrenaline (1 in 60,000), and acetyl- 
choline (1 in 50,000) may produce a contraction in insensitive muscles, 
which relax instead of contract on the introduction of these substances, 
i.e. they decrease tone, and when withdrawn, produce an opposite change, 
viz. increase in tone; (3) it does not occur with those substances that do 
not produce this initial relaxation. Just as withdrawal of inhibitory 
substances causes contraction, moreover, withdrawal of stimulating 
substances such as potassium, acetylcholine and cessation of a.c. 
(10 V .-10 sec.) produces relaxation. 

The above phenomena are significant, as they show that the muscle 
adapts to the action of ions outside, whether inhibitory or stimulatory 
by producing an antagonistic effect. This may be related to a change in 
calcium concentration, which antagonizes the action of univalent ions, 
mhibitoxy or stimulatory. 
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Withdrawal of sodium chloride by replacement with lithium chloride 
or sucrose produces a contraction; the contraction produced by hypo- 
tonic saline is mainly due to the withdrawal of sodium chloride. 



Fig. 2. Contractions produced by withdrawal of thiocyanate (Cl of the saline replaced 
with SCN). Added at | and withdrawn at f . Period of immersion in SCN, 10 min . 
1st and 2nd contractions in normal saline; 3rd in 0-01 M CaClj; 4th in 0 02 il CaCl.; 
6th in normal saline again. In 1st and 2nd figures, there is no initial relaxation, as the 
muscle is already relaxed; in others there is initial relaxation. 0-01-0 02 Jf CaClj 
potentiates the response to potassium and antagonizes that to A.c., so that the SCN 
withdrawal contraction belongs to the former group. 



Fig. 3. Withdrawal contractions. As in Fig. 2. 1st contraction is produced by withdrawn 
of NaNO s , 2nd by withdrawal of ammonium. Note that ammonium at first causes 
relaxation, then contraction; the contraction on withdrawal of ammonium is not 
marked as the muscle is already contracted. 3rd figure shows the effect of 1 in 10' 
adrenaline; there is marked initial relaxation followed by contraction and then re- 
laxation. 4th figure shows the.elTcct of 1 in 10® adrenaline, the muscle being stimulated 
with a.c. 16 V.-10 sec. On the addition of adrenaline there is relaxation followed by 
contraction, the mnscle is stimulated at A with a.c. On withdrawal of adrenaline there 
is a tonic contraction antagonistic to A.c. (cf. the effect of a.o. on d.c. contraction m 
Mytilus muscle). Similarly withdrawal of anions is antagonistic to A.o. 

Ammonium and potassium (0-0231 KC1 in Mytilus and frog muscles and 
larger concentration in mammalian muscle) have an action opposite to 
that of sodium chloride. 

An ammonium withdrawal contraction, having the properties of the 
a.c. contraction as in frog muscle, has not been observed in mammalian 
muscle. Increase in osmotic pressure produces a contraction, but the 
restoration of original osmotic pressure produces a further contraction. 
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Discretes 

There are two views which attempt to explain the mode of action of 
substances in producing excitation. Straub [15*02] hold*’ that n difference 
in concentration of ions within and w it bout the cells produces excitation, 
while Clark [193d] thinks that ions affect the surface by attaching 
themselves to sen«iti\e patches. To the author both these views appear 
correct. 

Two factors affect the excitability of plain muscle [Small. 1939/]; 
one of these is the difference in com cut rat ion of ions within and without 
the fibres, and the other is probably the surface membrane. Facts which 
suggest that differences in concentration of ions within and without the 
fibres cause excitation have been mentioned previously. That chanties in 
a surface factor nbo produce excitation is suggested by the follow inn 
observations: (1) In Mi/lihii nimdc small concentrations of caltium 
cause relaxation; (2) very small i oncent rations of drugs (1 in 10*') produce 
changes in excitability, (3) sudden strotdi or release muse* excitation; 
this will produce sudden changes in the surface. (J) touch, such a« by 
fingers or bubbling, causes contraction of plain nm=de; tliC'C obviously 
can primarily affect the surface only. The existence of two factors is 
clearly shown by the effects of calcium or potassium on frog or M?/tilm 
muscles. Small concentrations increase the excitability to A.r. ns well 
as to potassium. Larger concentrations cause contraction, and are an- 
tagonistic to a.c., the effect of larger concentrations is antagonized by 
increase of osmotic pressure. It appears that a difference in concentration 
of ions within and without the fibres affects the surface indirectly in some 
way or vice versa. 

Summary 

1. Compared to frog plain muscle, adaptation in mammalian plain 
muscle is slow, this enables the latter to function at higher temperatures 
at which the excitability of frog muscle is low, as adaptation in frog ns 
well as mammalian muscle increases with temperature. 

2 The majority of the substances, anions, cations and drugs, affect 
the excitability to a.c. and potassium m the same direction, but the two 
excitabikties can be distinguished by the differential effect of hydrogen 
and calcium ions. " ° 

3. Mammalian plain muscle is highly sensitive both to electrical and 
chemical stimulation owing to slow adaptation. 

4. Mammalian plain muscle does not exhibit the a.c. off-contracture. 
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5. Marked changes in excitability are produced by very small con- 
centrations of drugs. 

6. Contraction is caused by withdrawal of nitrate, thiocyanate and 
ammonium ions. 


I wish to thank Lt.-Col. S. S. Sokhey, Director, Haffkme Institute, for the facilities 
provided, and Dr L. E. Bayliss for his help and advice in the writing of this and previous 
papers. 
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DISCHARGES FROM THE SENSORY ORGANS OF THE 

CAT'S VIBRISSAE AND THE MODIFICATION 
IN THEIR ACTIVITY BY IONS 

By OLIVER FITZGERALD 1 

Phytiolnyienl Lnh'irntovj. Cmnlrvlr] r 
(Jtrff'irrd 4 Dcrrnifrr 1039) 

Records from the cutaneous nerves of the cat. rnhbit and guinea-pig 
[Adrian k Zottermnn. 1020: Zotterman. 1030) have criven information as 
to the sensorv discharge? from the hair? coverin': the body surface. These 
discharges are usuallv of brief duration, occurrincr only when movement is 
carried out and ceasin': when a steady deflected position i« reached. The 
nerve endinns stimulated bv hair movement can therefore be described ns 
rapidlv adapting, although the short duration of the discharges might be 
due to mechanical factors. such as the yicldinc of tissues, rather than tothe 
intrinsic properties of the endings [cf. Dun k Finley, 1038). But the 
investigations referred to have been concerned with the covering hair? of 
the body and limbs; the large vibrissae or tactile hairs of the face have 
not been specially examined. They might well react differently, since they 
are supplied by more elaborate nerve endings and have a more definite 
sensory function than the eoverinn hairs. Indeed, the vibris=ae represent 
a distinct type of organ, absent in man but important in the life of most 
quadrupeds. 

The present work deals primarily with the normal sensory activity of 
the tactile hairs of the face, studied by the usual technique for recording 
afferent impulses. In the course of the work it became clear that prepara- 
tions of these organs gave such consistent results that thev could be 
used for the investigation of problems of more general interest, such as 
the nature of the adaptation process, its modification bv ions, etc. The 
latter is dealt with in the second part of the paper. 

1 Travelling strident in Phyriolory of the National University 0 f Ireland. Holder of a 
Erant from the Irish Medical Research Council. 
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Histology 

A good description of the tactile hairs and their nerve endings has 
been given by Ram6n y Cajal [1933], The tactile hairs are quite clearly 
differentiated from the ordinary hairs by the presence of a large caver- 
nous vascular covering in the connective tissue sheath. They have a rich 
supply of nerve terminations from the many nerve fibres 'which coil 
round the hair bulb and run along the side of the hair sheath as a ter min a l 
palisade. Under some epithelial cells beneath the vitreous coat, nerve 
endings are found in the form of circular menisci or ivy-leaf appendages 
lying perpendicular to the root. Other club-like endings are found parallel 
to the hair and situated above the vitreous membrane. The hairs of the 
eye lashes are thought to be the closest example in man of the tactile 
hairs of the cat, rat, mouse and other animals. 

> Method 

The cat, anaesthetized with dial (Ciba) 0-8 ml./kg., having had a tracheal tube inserted, 
was laid upon its ventral surface and a screw clamp fixed between the upper jaw and the 
lower surface of the unwanted eye. The eyelids were removed and the periorbita opened at 
the reflexion from the eyeball. The eye was quickly removed from the capsule, there being 
no necessity to ligature the artery accompanying the optic nerve if the oye were removed 
with sufficient torsion to tear the vessel. The periorbita was then separated from tho sur- 
rounding fatty tissue and the maxillary, which is the afferent nerve from the vibrissae, 
exposed lying on the inferior surface of the orbital cavity. The nerve was carefully separated 
from the accompanying artery and sectioned as close to the brain as possible. 

The animal was placed in a heated moist box, the nerve laid upon a thin sheet of 
ebonite, and dissected with needles. The action currents were recorded with a condenser 
coupled amplifier and a Matthews oscillograph. The hairs were stimulated either by traotion 
or pressure. The former was provided by a weight attached to a fine silk thread running over 
a pulley, the thread being tied to the hair by the minimal quantity of sealing wax. The 
application of the weight by this method was brought about by allowing the weight to drop 
through a fixed distance without interference. The application of the stimulus could be 
looked upon as almost immediate. Slower applications could be brought about by allowing 
tho weight to rest upon a lever, the other end of which was attached to a circular disk 
immersed in a treacle dashpot. For pressure stimulation a cardiac lover was used, a weight 
being laid on one arm of the lever, the hair being fixed to the other arm. The stimulus here 
was always applied immediately. It was usually found that the most constant results were 
to bo obtained using the traotion method of stimulation but, os will be seen later, this could 
hot bo used in every case. 

When it was intended to inject solutions into the whisker- bearing area the common 
carotid artery was selected. The thyroid, internal carotid, occipital and lingual arteries 
having been tied, a cannula was inserted in a cranial direction. The temperature of injected 
solutions (all isotonic) was kept at 37°. 
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Part 1 
Results 

Nature of effective stimulus. Directional effects. When the nerve is 
subdivided it is found that the tactile hairs supplying each bundle of 
nerve fibres are distributed in circles around the lower surface of the 
orbit. When the superior hairs, lying close to the orbit, are examined it. is 
usually found that a much larger afferent discharge is produced by bend- 
ing the hairs down, towards the mouth, than upward to the eye. 1'or the 
hairs near the mouth the discharge is greater for bending upward than 
downwards. For the hairs near the snout, bending aborally is more 
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Fig. ]. Different planes of movement stimulating the same nerve ending. .1 = up, //=: 
back, (7= push in. Xo other movement discharged the ending. Time see. All 
records read left to right. 

effective than bending orally, and the reverse is true of the hairs lying 
farther back. In some nerve fibres a discharge can be obtained by bend- 
ing the hair in one direction only, but it is more usual to find that move- 
ment in at least two directions is an effective stimulus, c.g. in either a 
forward or an upward direction (Fig. 1). Pulling the hair outwards from 
the skin is never as effective a stimulus ns bending it sideways in the 
optimal direction, and it was unusual to find that the same ending would 
he stimulated by pushing the hair in towards the skin and by pulling it 
outwards. It happened on two occasions that the ending which was 
stimulated by pulling a hair was stimulated by pulling on more than one 
hair; in one case pulling on four different hairs seemed to stimulate the 
Bame endings (Fig. 2). 
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This directional sensitivity of the tactile hairs has, no doubt, some 
functional significance, for the results indicate that the hairs are most 
sensitive to the particular stimulus which they will be the first to meet. 
Thus an object moving downward relative to the head will bend the 
superior hairs first, if it moves aborally it will bend the hairs near the 
snout before any others, and so on. 
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Fig. 2. Both A and B show response of single ending to stimulating two different hairs. 

• Stimulation of two other hairs also gave responses. Time sec. 

Adaptation 

The endings in the ordinary covering hairs of the body respond to 
movement with a discharge which lasts only a fraction of a second. With 
the tactile hairs, on the other hand, the endings are in the main slowly 
adapting. The discharges in single nerve fibres from the region of the 
vibrissae are sometimes very brief, but in most cases it has seemed prob- 
able that the endings giving such discharges were attached to the fine 
hairs surrounding the larger vibrissae. It is true, however, that on 
occasions the ending was stimulated maximally through the vibrissae so 
that we must admit the possibility that some of the tactile hair endings 
are rapidly adapting. 

Typical discharge curves from slowly adapting endings are shown in 
Fig. 3, the endings respond to the stimulus by a moderately high initial 
frequency, the value reached depending upon the intensity of the stimu- 
lus, i.e. the size of the weights used, and the speed of application (Figs. 
3, 4). 

In constructing the adaptation curves 15 min , rest was always 
allowed between tests so as to give the endings time for complete re- 
covery. The en din gs are not as slowly adapting as those found in muscle 
by Matthews [1931, 1933] but the curves resemble those for the vagal 
endings in the lung [Adrian, 1933], there being a gradual decline in 
frequency with complete failure in about 10 min. 



ISO 


Time (fee.) after stimulus applied 

Tig. 3. Effect an discharge curve of vary mg load. Stimuli!' npplicd hy traction. ,l=2g., 

£ = ig., C=0-5p. 
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Time (sec.) after stnnulus applied 

Pig. 4. Effect of different speeds of loading on the discharge curve. Stimulus (2 g.) 
applied by traction. 4=stunulas applied in 1-2 sec. B=stimulu 3 applied in 0 2 sec. 
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Like the directional sensitivity the slow adaptation of the tactile 
hairs is probably of value in some of the postural adjustments of the head 
in relation to solid objects. Although the vibrissae would not be held very 
long in the bent position, unless the animal were lying down, they might 
remain distorted for several seconds and it is probably important that 
there should be very little falling off in the strength of their signals 
during such a period. Also, by reason of the slow adaptation, a relatively 
small number of vibrissae can give accurate information of the position of 
objects in contact with them. Their effectiveness in this respect is shown 
by Bard’s [1938] finding that a blindfolded (but otherwise normal) cat 
held in the air by the body, reacts to pressure (unilateral or bilateral) of 
the vibrissae against a solid object by the accurate placing of the forefeet 
on the object. 

Spontaneous discharge 

During the course of cutting down a nerve it was nearly always found 
that out of a bundle of twenty fibres one or two were in a state of spon- 
taneous activity, and one of these could sometimes be isolated. The 
number of endings giving a spontaneous discharge is small, usually less 
than 5 % of the total number examined, and the rate of discharge rarely 
exceeds 40 per sec. It is found that low frequency spontaneous discharges 
are often more regular than discharges of the same frequency induced by 
stimulation. 

The origin of these spontaneous discharges is of considerable interest, 
for they have been found with many types of sense organ and their 
nature has given rise to some speculation. In the present instance the 
most probable explanation of the discharge is that it is due to a combina- 
tion of an unusual instability in the ending with an external stimulus 
which is just above the threshold. The unusual instability is shown by the 
great regularity at low frequencies (referred to above), and the absence of 
the usual adaptation, but the second factor, i.e. the intervention of an 
external stimulus, is strongly suggested by the effects produced by slight 
movements of the hairs. Thus it is often found that if the hair be moved to 
the appropriate position all spontaneous activity ceases and does not 
recur w hils t this position of the hair is held. On one occasion it was found 
that a spontaneous discharge stopped and another ending was stimulated 
(Fig. 5) ; when the hair is released the spontaneous discharge recommences 
with an initial peak in the frequency curve similar to that found normally 
on stimulation, though of a slighter extent. 

Granit [1935] showed the existence of an inhibitory component in a 
sense organ (the eye). Sand [1937] has described phenomena similar to 
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those in the present paper of the abolition of a spontaneous discharge mut 
also suggested that they represent an inhibitory process at the sensory 
nerve ending, comparable to that occurring within the central nervous 
system. In the present case, at any rate, it seems unnecessary to post date 
anything more than the presence or absence of an excitatory stimulus. 



Fig. 5. Spontaneous discharge affected by movement. I |i]»'r "spontaneous dbohnrgc 
stopjx-d by hair movement and another ending seen to !*• di-charging. The 
excursion is an artefact. I/iaer=<m release of the hair the «jxiiitaneotix discharge 
recommences with a slight peak. The other ending "top-* discharging. Time see. 

The ending is in an abnormally irritable state, a very slight (lefonnntion 
causes a persistent discharge, and the discharge ceases when the stimulus 
is withdrawn. 

The “silent period" 

A well-known accompaniment of the spontaneous discharge is the 
silent period, the temporary failure of the discharge following increased 
activity. This was described by Adrian & Zottermnn [11)20] for the stretch 
receptors of frog muscle, but the factors upon which it depends were not 
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ig. 6. Spontaneous discharges and the silent period. Upper=stimuIation of nn ending 
already spontaneously discharging. Lower =aftcr 1-5 see. Stimulus is withdrawn 
resulting in a silent period which is followed by the rebuilding of the spontaneous 
discharge. Time sec. 

investigated. The effect is shown in Fig. 6, which illustrates both the 
silent period after the stimulus is withdrawn and the gradual rebuilding 
ox the discharge to the original frequency. ° 
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In these experiments the length of the “ silent period ” has been found 
to depend upon the total activity produced during the period of stimula- 
tion. It does not depend upon the particular frequency occurring at the 
moment when the stimulus is withdrawn, for it may be seen from Fig. 7 



Time (Bee.) after stimulus applied 

Fig. 7. The greater discharge of the ending leads to greater silent period. Stimulus applied 
by traction. A — 1 7 g., 5 = 7 g. Blocked out area on base=length of silent period. 
A =1-0 Bee., 5 = 3-9 sec. The intermittent line gives the level of the previous spon- 
taneous discharge. 

that similar frequencies at the moment of removal of the stimulus do not 
lead to similar lengths of silent period. Where stimuli of different in- 
tensities were used it was seen that the initial frequency on application of 
the stimulus was not the sole determining factor, and that the duration of 
the increased discharge was also important. Finally, in Fig. 7 it will be 
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seen also that there is a reasonably close relation between the length of 
the silent period and the total number of impulses set up during the 
period of stimulation. 

After the silent period tho spontaneous activity slowh returns along 
a smooth curve and finally the original frequency of the discharge is ngnin 
reached. The greater the length of the silent period the more gradual is the 
curve of recovery, as might well be expected if the failure of the discharge 
is due to a fall of excitability of the ending, consequent on the period of 
increased activity. 

This gradual return of spontaneous discharge after the silent period is 
in sharp contrast with the sudden return which takes place when the 
hair is released from the “no discharge” position (cf. Fig. 5), for then 
there is an initial peak followed by a decline to a lower level of frequency. 
In the latter case, presumably, the absence of the discharge was due to 
the withdrawal of the stimulus which normally maintains it, whereas in 
the former it was due to a fall of excitability which rendered the stimulus 
temporarily ineffective; this fall of excitability passes off gradually and 
allows the stimulus to exert its former effect on the unstable ending. 

Part II 

In preparations from the frog the influence of changes in the ionic 
constituents of the surrounding fluid on the activity of the sensory 
ending is much the same as on skeletal or cardiac muscle. Thus Matthews 
[1931] has shown that reduction of Ca ++ leads to a spontaneous discharge 
of the stretch receptors in frog muscle, and Talnat [1933] has found the 
same result with endings in frog skin, whilst recently Dun & Finley [1938] 
have produced very rapid adaptation in the tactile endings of the frog by- 
increasing the Ca T+ . An increase of K+ depresses and may abolish the 
response of these endings. Feng [1933] showed that the K+ liberated 
from injured skin was enough to make the endings inexcitable, and it has 
been suggested by Hoagland [1936a, Summary] that sensory adaptation 
m general is brought about by the same mechanism, i.e. that it is due to a 
fafl of excitability caused by the liberation of K+ from cells near the 
endings. 

With the tactile hair preparation it has been possible to extend this 
study to mammalian endings, for solutions injected headwards into the 
common carotid artery will bathe the whisker-bearing area, and it is not 
dimcultto rule out the effects of muscular twitching, etc. The results have 
been of considerable interest; they show that small changes in certain 
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ions may have a pronounced effect on adaptation rate, but in the case of 
K + there is an initial stimulation which is hard to reconcile with Hoag- 
land’s theory. 

Action of sodiutn chloride upon the endings 
Small quantities of isotonic sodium chloride appeared to have little or 
no effect upon the endings, but when approximately 16 ml. /kg. of iso- 
tonic sodium chloride had been injected into the carotid artery there was 



Time (sec.) after stimulation 


Fig. 8. The increased response of an ending after Na + injeotion with the effect of CaCl a 
upon it. The same strength of stimulus was used in both cases. A = before injection. 
B=4= min. after 136 mg./kg. of NaCl. C=3 min, after 40 mg./kg. of CaCl 2 given to 
same preparation. 

usually a development of spontaneous activity. This could be seen when 
there was no twitching round the facial area. It lasted some minutes or 
even longer and then the effect gradually disappeared. This stimulating 
action of the sodium upon spontaneous activity was never as plain as 
that of sodium citrate or K+ (probably due to the fact that such large or 
probably variable doses were needed), and was more easily seen when 
more than one active fibre was present in the nerve bundle. It appeared 
as if some endings were more easily set into a state of spontaneous 
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activity than were others. The animal never showed any ill-effects ns a 
result of the injections. 

Isotonic sodium chloride in quantities which arc sufficient to produce 
spontaneous discharge from the nerve endings afco affect the frequency 
curve. There is an increased frequency of discharge on stimulation, and 
the frequency remains at a higher level than normal through the adapta- 
tion period (Fig. 8). This effect is quite similar to that found by Matthews 
[1931] for the muscle spindle of the frog. The stimulating action of X.v 1, 
upon the ending can be rapidly and completely antagonized by Ca in 
small doses (Fig. S). It seems probable that the action of XV is really 
due to the relative fall in the concentration of the other ions, for large 
quantities of Xa~ must be injected for an effect ; much smaller amounts of 
Iv~ or Ca — having marked effects upon the nerve endings. 


Action of jKitossium chloride upon the aiding * 

As a result of the injection of 1 ml., kg. KC1 there is an immediate 
marked twitching of the facial musculature accompanied by a high- 
frequency discharge from the nerve endings. This is probably due in part 
to the hair movement, but when all muscular activity has ceased the 
ending still continues to discharge spontaneously for at least some 
minutes. The rate is usually high at first, falling gradually to zero. This is 
probably due to the washing out of the K~ by the blood stream. It is 
essential to inject the KCl very slowly even in quite small quantities 
(1-2 ml./hg.), for a sudden sharp injection may lead to cardiac failure. 
After a slow injection there may be some slight signs of cardiac and 
respiratory effects but these rapidly disappear. 

The effect of K~ injection upon the adaptation rate is interesting, for 
even 10 mg. kg. KCl injected intra-arterially cause a marked increase in 
the initial frequency, and the discharge through the period following 
stimulation is much higher than before the injection (Fig. 9). Spon- 
taneous activity as a result of the injection may have ceased, but this 
effect persists. The effect is somewhat similar to that which Matthews 
[1931] found for Xa~ but is the opposite to what be found for K^. A sub- 
sequent injection of more EA usually gives a further slight increase in 
frequency after stimulation, but the maximum increase^ in initial fre- 
quency to a stimulus after the injection has been about 60%. 

As can be seen, the level of the discharge remains at a highe°r frequenev 
aff through the period of stimulation. The stimulating action of K~ upon 
he endings seems to be followed by depression, but for the development 
of tins depressive action, large quantities (up to 70 mg./kg. of KCl) had to 
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be injected mul there wns always a prolonged initial increase in the 
frequency on stimulation before the onset of depression. The chief 
manifestation of depression was a decreased initial response on stimula- 
tion with a markedly increased adaptation rate. If the intra-arterial 
injection had been given at a sufficiently slow rate this depression i\ns not 
accompanied by other signs of disturbance in the animal. 

The antagonist action of various ions to K + is of interest. Na' 1 did not 
appear to have any antagonism to the stimulatory effects of lv + . Cn 1 + in 
equal doses prevented the occurrence of the spontaneous rhythm and the 
increased initial response on stimulation. When the depression after 
excess K + had appeared, Ca ++ in quite small amounts led to an even 
more marked depression of activity. If more Nn + were injected, in doses 
of approximately 15 ml. /kg. of isotonic NaCl, there was a gradual return 
to normal, the ending eventually completely recovering its response to 
stimulation (Fig. 10). The predominantly depressive action of Kd found 
by other workers is possibly due to the fact that they were using frog’s 
tissues and applying the solutions by irrigations and not, ns in these 
experiments, by arterial injection. It must be emphasized that the 
stimulating effect is not due to the muscular contractions noting on the 
hairs, for neither slight contraction nor hnir movement is observable 
when the ending is discharging spontaneously. Also, even where there is 
no further spontaneous activity the frequency response of the ending is 
much higher than before K+ injection, showing that the effect is on the 
ending rather than on the surrounding tissues. 

Effect of Ca++ 

If an ending or a group of endings be discharging spontaneously the 
injection of a small quantity of CaCL, (15 mg./kg.) will stop the discharge. 
This effect can be seen in Fig. 11. Less CaCL is required when the in- 
jection is a close one through the artery, rather than when the solution is 
injected through the femoral vein, but larger quantities of CaCL (75 mg./ 
%•) appeared to have no marked toxic action upon the normal animal. 

If a quantity of CaCl 2 be injected which is sufficient to stop all 
spontaneous activity it will usually be found that it has some effect upon 
the adaptation rate, although a more marked effect can be found with 
larger doses than that required just to stop spontaneous activity. The 
effect of 40 mg./kg. of CaCl 2 is shown in the accompanying Fig 12 In 
this case it may be noticed that the CaCl, solution has been 'injected 
through the femoral vein and so the Ca++ was distributed through the 
body fluid before eventually reaching the ending in the hair. Obviously 
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Fig. 9 The modification of the frequency of response by K + . Response to 2 g. traction. 
Upper = before. Lower = 5 min , after 10 mg./kg. of KC1 through the artery. Time ^ sec. 



Time (sec.) after stimulation 

Fig. 10. The stimulating and depressing effects of K + with the effect of La + 

latter. A = before, f? =2 min, after 10 mg./kg. of KC1. 0=6 min. after tota o 
mg./kg. of KC1. 2) =25 min. after 150 mg./kg. of NaCl. 
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manifestation of depression mas s decreased initial response on sttruuh- 
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iniectionhad beer, given at a sufficiently slow rate this depression was not 
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to normal, the ending eventually completely recovering its response to 
stimulation (Fig. 10b The predominantly depressive action of K~ found 
by other workers is possibly due to the fact that they were using frog s 
tissues and applying the solutions by irrigations and not. as in these 
experiments, by arterial injection. It must be emphasized that the 
stimulating effect is not due to the muscular contractions acting on the 
hairs, for neither slight contraction nor hair movement is observable 
when the ending is discharging spontaneously. Also, even where there is 
no further spontaneous activity the frequency response of the ending is 
much higher than before K~ injection, showing that the effect is on the 
ending rather than on the surrounding tissues. 


Zkfec.* of Ca — 

If au ending or a group of endings be discharging spontaueouslv the 
injection of a small quantity of CaCL (15 mg. kg.) will stop the discharge. 
This effect can be seen in Fig. 11. Less CaCL is required when the in- 
jection is a close one through the artery, rather than when the solntion is 
injected through the femoral vein, but larger quantities of CaCL (75 ms;, 
kg.) appeared to have no marked toxic action upon the normal animal. 

If a quantity of CaCL be injected which is sufficient to stop* all 
spontaneous activity it will usually be found that it has some effect upon 
the adaptation rate, although a more marked effect can be found with 
larger doses than that required just to stop spontaneous activity. The 
effect of 10 mg. kg. of CaCL is shown iu the accompanying Fisr. 12 In 
this case it may be noticed that the CaCL solution has been inj'erted 
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the effective quantity here was quite small but the effect was a prolonged 
one. It can be seen clearly in Fig. 12 that there are two distinct effects. 
The first is not so constantly found and consists in a depression of the 
initial response. A more constant and possibly more characteristic result 
is that seen on the adaptation rate, for here the ending is seen to adapt a 
great deal more quickly than before injection. 



Fig. 11. The effect of Ca++ npon a spontaneously discharging ending. Upper — before. 
- Lower = 1 min. after 15 mg./kg. of Cad*. Time sec. 



Fig. 12. The depressant action of Ca ++ upon the nerve ending. A = before. B = 6 min. 
after 30 mg./kg. of CaCl, through the femoral vein. 

The relation of Ca++ to other ions is of interest. Na+ in large quanti- 
ties was capable of reversing the depressant effects of Ca++ upon the 
ending, but not to the extent, as far as was observed, of development of 
any marked spontaneous activity, the main effect being a return of the 
adaptation rate to normal. The initial effect of any quantity of K + is to 
prevent the depressant action of Ca++. Sodium citrate (3% isotonic) led 
to the development of marked spontaneous activity, as it does in frog s 
skin. The effect of citrate upon the adaptation time was not investigated. 
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4. Spontaneous discharges from the endings occur and they appear 
to be due to an abnormal irritability of the ending, associated with a 
stimulus which is just above the threshold. 

5. In a nerve fibre giving a spontaneous discharge the length of the 
silent period following stimulation appears to be related to the total 
number of impulses discharged during stimulation, rather than to either 
the initial or final discharge frequency. 

6. After the silent period the spontaneous discharge returns gradually 
. to its former value. The shorter of two silent periods is followed by a 

quicker return to the previous level of spontaneous discharge than is the 
longer. 

7. Na+ in large amounts leads to spontaneous discharges and an 
increased initial discharge. 

8. K + in much smaller amounts has a similar effect. In large 
amounts it has a depressant action upon the spontaneous and the initial 
discharge, and it also leads to a rapid adaptation of the ending. Citrate 
produces spontaneous discharge like K+. 

9. Ca++ inhibited spontaneous discharges from an ending, decreased 
the initial response on stimulation, and quickened the rate of adaptation. 

10. The result with the above ions does not agree with the view that 
K+ can be an agent which would produce rapid adaptation in these 
endings. 

I wish to express my sincere thanks to Prof. Adrian, who suggested this work, for his 
constant advice and criticism. I also wish to thank Dr B. H. C. Matthews for much tech- 
nical help and advice. The Medical Research Council of Ireland is to be thanked for a grant 
towards expenses. 
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TRANSMISSION OF LIGHT BY THE EYE MEDIA 

By K. J. W. CRAIK 
From the Psychological Laboratory, Cambridge 

(Received 19 December 1939) 

Stiles & Crawford [1933] discovered that subjective brightness is not 
proportional to pupil area in man. If the pupil be naturally or artificially 
constricted to half its area, the physical illumination of the surface viewed 
need not be increased twofold but by some smaller amount, in order that 
it shall seem as bright as before. They measured the actual effectiveness 
of the different parts of the pupil in contributing to the total subjective 
brightness by traversing a small pencil of light across the pupil, and 
found that light entering the eye near the margin of the pupil is only 
about one-quarter as effective as that entering through the central part. 
They concluded that this effect was probably not due to greater light 
absorption by the marginal part of the lens etc., but to variations in the 
directional sensitivity of the retina. Since a pencil of light entering at the 
margin of the pupil from a centrally fixated object falls obliquely on the 
retina, they suggested that the structure of the receptors, or perhaps of 
the retinal pigment, is such as to reduce the sensitivity to oblique rays. 
That the phenomenon originates in the retina and not in the eye media is 
rendered probable by the fact that the effect is absent with low intensity 
light of 430-5 mu, falling on the dark adapted parafovea [Stiles, 1939], 

It seemed desirable to test this hypothesis by direct measurements of 
the transmission by the central and marginal parts of the lens and cornea 
in isolated eyes. 

Apparatus and method 

The eyes of twelve cats were used. They were extracted immediately 
after the animals had been anaesthetized. A small window was cut in the 
back of the eye. In order to avoid loss of vitreous a splinter of micro- 
scopic cover glass was first inserted through the sclera and choroid so as 
to pass into the eye at one place and out at another; this provided a glass 
shield which remained when the window was cut. The eye (a, Fig. 1) was 
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then mounted with plasticene in a metal frame b, capable of' universal 
movement, and the image of a 500 W. projector bulb filament c, 1 m. 
distant, was centred in the window by the help of a loupe d. A mask e 
with a 0-5 mm. bole was then lowered just in front of the cornea; it could 
be traversed across the eye in a slide controlled by a micrometer/. A 
selenium oxide generator type photocell g was also placed in a slide at the 
back of the frame and connected to a galvanometer having a sensitivity of 
1050 mm./^A. on a scale 1 m. distant. The eye was frequently moistened 
with warm Ringer solution. The mask was then traversed across the eye 



Fig. 1. Apparatus, a, eye; 6, frame; c, lamp; d, loupe; e, mask with hole;/, micrometer; 

g, photocell. 


so that the hole passed from one pupillary margin to the other; the image 
of the filament of course maintained a constant position, except for the 
effects of aberrations of the lens and error in accommodation. Readings 
were taken approximately every 0-25 mm. across the pupil, followed by a 
return traverse. The technique of employing a photocell to record the 
light traversing the media of the eye has been used by Ludvigh & 
McCarthy [1938]. 

The cat’s pupil dilates widely after removal of the eye and begins to 
contract again after about an hour. The eyes of two species of frog, Band 
lemporaria and R. esculenta were also employed, though their small size 
made the results less accurate. These pupils contract after excision and 
were dilated by soaking in 0-01% adrenaline. The moment when the 
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pencil of light passed from the pupil to the iris could he detected, and the 
effective pupil diameter measured, since the pencil was clearly visible by 
scattered light when it fell on the iris. 

The mask was then moved to the point on the pupil giving maximum 
sensitivitv and the reduction in deflexion noted when neutral filters 
bavins transmission factors of 25, 50 and T5°/ 0 were placed in front of the 
hole. This permitted conversion of the galvanometer deflexions directly 
into relative light intensities, by a graph based on the deflexions at 0, 25, 
50. 75 and 100%. 



Fig. 2. Homoata! travel. Dote, fim traverse, craves, record, shoving revive trans . 
onions across the pupil. Circles, Stiles & Crawford effect on man. Ab-cissae- below 
rr^rru aeros, pur.Il of cat; above, mm. acrcm pnpff of man, from Stiles & Crawford's 

° f “ »““*• »< >—<*.■ >— ■ 
Results 


Rigs. 2 and 3 show the result of a horizontal and vertical traverse 

across a cat pupil, with Stiles & Oraw-fnrd’c 

, - ,, \ F ^ t/Tawtord s curves superimposed. The 

scale of the abscissae has been adimrforl ■/ r 

Q adjusted so that pomts representing the 
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pupil diameters on the two sets of curves coincide. This would appear to 
be the most justifiable way of comparing the two results. It will be seen 
that the transmission at the margin never falls more than 30% below 
that at the centre, whereas a drop of 70 % or more in sensitivity is found 
in the genuine Stiles & Crawford effect, measured subjectively in man. 
Further, the drop in sensitivity at the margin is much more sudden in the 
present experiments. For instance, over 0-8 of the pupil width, the 



Fig. 3. Vertical traverses. Ordinates and abscissae ns in Fig. 2. 

sensitivity does not vary by more than 10 %, and even this variation is 
irregular, whereas in the Stiles & Crawford effect the variation over a 
similar proportion of the maximum human pupil width is approximately 
60%, and consists of a gradual decline on either side of the axial point. 
Admittedly the present experiments may not relate directly to the 
rnc vou - It is unlikely that the cat shows a retinal Stiles & Crawford 
contract again “Possesses an irridescent tapelum in place of a pigment 
temporaria and ;jtion appears to be an all-rod retina. But the properties 
made the resul' c0mea s h ou id be comparable. Indeed, ns the cat’s pupil 
were dilated twice as much as the human one — a pupil 12 mm. in 
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diameter in an eye two-thirds the sizc-nny effect due to the optical 
media might be expected to be more noticeable than in the human c\e. 
Its small magnitude in spite of this suggests that in the human eye the 
effect is almost entirely due. as suggested by Stiles & Crawford, to varia- 
tions in the directional sensitivity of the retina. 

The eyes of R. temporaria and R. csculcnla also showed a drop in 
transmission varying from 12 to 25%. With these smaller eyes it is 



difficult to ensure that the pencil of light does not graze the "edge of the 
pupil, following a chord instead of a diameter, in its passage. Also, the 
pupil is smaller in comparison with the pencil, and the variation in retinal 
illumination while it enters the pupil consequently occupies a greater 
proportion of the total traverse. 

To indicate the errors of the method of measurement and of factors 
such as drift due to photocell fatigue, a control curve was taken on an 
imitation eye, with a glass lens whose focal length and aperture were 
similar to that of the cat (Tig. 4). 
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pupil diameters on the two sets of curves coincide. This would appear to 
be the most justifiable way of comparing the two results. It will be seen 
that the transmission at the margin never falls more than 30% below 
that at the centre, whereas a drop of 70% or more in sensitivity is found 
in the genuine Stiles & Crawford effect, measured subjectively in man. 
Further, the drop in sensitivity at the margin is much more sudden in the 
present experiments. For instance, over 0-8 of the pupil width, the 



Fig. 3. Vertical traverses. Ordinntes and abscissae as in Fig. 2. 


sensitivity does not vary by more than 10%, and even this variation is 
irregular, whereas in the Stiles & Crawford effect the variation ov er a 
similar proportion of the maximum human pupil width is approximately 
60%, and consists of a gradual decline on either side of the axial point. 
Admittedly the present experiments may not relate directly to the 
ine v.» - j t ^ unlikely that the cat shows a retinal Stiles & Crawford 
contract again u^ ossegges an ^descent tapetum in place of a pigment 
(cmporaria and {j t ; 0I1 a pp ea rs to be an all-rod retina. But the properties 
made the resul' comen s h 0 uld be comparable. Indeed, as the cat’s pupil 
were dilated v ’ el ^ tw i ce ns muc h as the human one— a pupil 12 mm. m 
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diameter in an eye two-thirds the size — any effect due to the optical 
media might be expected to be more noticeable than in the human eye. 
Its small magnitude in spite of this suggests that in the human eye the 
effect is almost entirely due, as suggested by Stiles & Crawford, to varia- 
tions in the directional sensitivity of the retina. 

The eyes of B. (emporaria and R. csculcnta also showed a drop in 
transmission varying from 12 to 25%. With these smaller eyes it. is 
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pupd, following a chord instead of a diameter, in its passa-e S,o w 
pupil is smaller in comparison with the pencil and the L' f- ‘ - ’ th ° 

illumination while it enters the pnpil^,^"”” 1 '™ 1 
proportion of the total traverse. 4 ' ccu P les a greater 


To indicate the errors of the method of 
snch as drift due to photocell fatigue a control UI6ment and of factors 
imitation eye, with a glass lens whose focal len^ ° Q an 

similar to that of the cat (Tig. 4) e gtl1 and aperture were 
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It is difficult to know how far the irregularities in the transmission 
curve are exaggerated by post-mortem changes in the eye, or to inade- 
quate control of temperature and humidity. Visible striations certainly 
appear in the cornea if the intra-ocular pressure has fallen by loss of 
vitreous, or if the eye has become dry; but many of these measurements, 
of which the figures shown are typical, were made within ten minutes of 
excision, and the irregularities showed great constancy in any one eye, 
suggesting that they are characteristic of the living animal. 

Summary 

Stiles & Crawford’s explanation of their effect, in terms of directional 
sensitivity of the retina, is corroborated by direct measurements of the 
relative light transmission at the margin and centre of the lens etc. in the 
excised eyes of the cat. Persistent irregular variations in transmission 
up to 10%, and a steady decline at the extreme margin, were found, but 
the curve is totally different from that obtained by subjective investiga- 
tion in man, the discrepancy being often as much as 50%. 

X am indebted to Messrs Fitzgerald and Pfaffmann of the Cambridge Physiological 
laboratory for providing me with freshly excised cot’s eyes removed in the course of their 
own experiments. 
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THE EFFECT OF MONO-IODOACETIC ACID ON THE 
ABSORPTION OF WATER FROM GLUCOSE SOLUTIONS 
IN THE SUBARACHNOID SPACE 

By T. H. B. BEDFORD 

From the Department oj Pharmacology, Manchester University 
( Received 8 January 1940) 

The effect of the monosaccharides, glucose, mannose and xylose, on the 
absorption of water from the subarachnoid space has been studied in an 
earlier series of experiments [Bedford, 1939]. The sugars were found to 
have similar effects on the absorption of water when administered in 
concentrations of equal osmotic strength. It was suggested as a result 
of these experiments that the sugars themselves are probably absorbed 
by a common process. No evidence was discovered of an absorption of 
glucose by a specific process such as Verzar & McDougall [193G] found 
to occur in the intestine. In the following experiments an attempt has 
been made to determine whether mono-iodoacetic acid has any effect 
on the absorption of water from glucose solutions in the subarachnoid 
space. According to Verzar & McDougall, mono-iodoacetic acid in- 
hibits the specific forces which accelerate absorption of glucose from the 
intestine, while processes of simple diffusion, such as those involved in the 
absorption of mannose and xylose, remain uninfl uenced. 

Methods 

Dogs anaesthetized with intratracheal ether were used throughout 
the experiments. A constant pressure was maintained in the subarach- 
noid space. In one group of experiments the pressure was 300 mm., and 
in another 400 mm. of normal saline solution. Higher pressures were 
not used as they were considered to depart too far from the normal. 
The methods by which the pressures were maintained and the rate of 
inflow determined have been described in earlier papers [Bedford 19381 
The mono-iodoacetic acid in a 10% solution in water was injected sub- 
cutaneously By this means any direct injnry to the endothelium of the 
subarachnoid space was avoided. It was administered in a proportion 
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of 0-12-0-16 g. per kg. body weight; this gave a calculated concentration 
for the whole body of 1 : 8000 to 1 : 6000. These concentrations are the 
same as those used by Verzar & Laszl [1935] in their study of the effect 
of mono-iodoacetic acid on absorption of sugar from the intestine of 
rats. The animals were allowed to rest for 1 hr. after injection in a darkened 
room, when they were anaesthetized and the needle of the recording 
apparatus introduced into the subarachnoid space. A reading of the 
rate of inflow was taken at intervals of 3 min , for a period of 1} hr. The 
systolic blood pressure was recorded throughout the experiments and all 
experiments in which the pressure fell below 100 mg. Hg were discarded. 
Considerable variation was noted in the reaction of different dogs to the 
injection of mono-iodoacetic acid in the quantities indicated. In some 
instances subcutaneous injection was followed after a few minutes by 
vomiting, purgation and a profound fall in systolic blood pressure. 
These effects can generally be avoided, however, if care be taken to use 
only healthy animals and to disturb them as little as possible during 
and after the administration of the acid. It was generally found impracti- 
cable, however, to extend the experiment beyond 1| hr. owing to the 
depressant action of the mono-iodoacetic acid on the circulation. The 
injection site did not appear to be spontaneously painful up to the time 
of anaesthetizing although a variable amount of serous exudate was 
always found on examination after death. 


Results 

The effect of mono-iodoacetic acid on the absorption 
of normal saline solution 

A series of six experiments was first performed to determine the 
effect of mono-iodoacetic acid on the absorption of normal saline solution. 

Table I. The effect of mono-iodoacetic acid on the rate of absorption of normal saline 
solution from the subarachnoid space. The readings were begun 2 lir. after the adminis 
tration of the acid. A pressure of 400 mm. normal saline solution was maintained in 
the subarachnoid space. Inflow is expressed in c.c. introduced during a period o 
3 min. at intervals of 9 min . The readings are correct to the nearest 0-1 c.c. In the 
actual experiments a reading was taken every 3 min. Exps. 2 and 2 are with contro 
animals which had not previously been treated with mono-iodoacetic acid. 


Mono- 


Time (min.) 


Exp. 

no. 

1 

2 

3 

4 


iodoacetic 

acid 


9 

18 

27 

30 

45 

54 

03 

72 

81 

90 

0 

0-4 

0-4 

0-6 

0-6 

0-4 

0-6 

0-4 

0-5 

0-4 

0-5 

0-1 

0 

0-5 

0-3 

0-6 

0-4 

0-4 

0-5 

0-4 

0-5 

0-5 

0-0 

0-5 

n.ft 

1/6000 

1/6000 

06 

0-4 

0-6 

0-3 

0-7 

0-4 

0-5 

0-5 

0-7 

0-4 

0-6 

0-3 

0-5 

0-5 

0-6 

0-5 

0-5 

0-5 

0-5 

0-4 

lr;> 

0-5 
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In four the subarachnoid pressure was maintained at 400 nun. normal 
saline solution and in the remainder at 300 nun. The rate of inflow was 
found to be the same as that observed in animals which had not. previously 
been poisoned with the acid (Table I). 

The effect of mono-iodoacclic acid on the absorption 
of glucose solutions 

Glucose in isotonic concentration. Isotonic glucose solution (5*4%) 
was introduced into the subarachnoid space 1 hr. after poisoning with 
mono-iodoncetic acid. Six experiments were performed at a constant 
pressure of 400 mm. and four at a pressure of 800 mm. normal saline 
solution. No effect was observed on absorption except in two of the 
experiments performed at 400 mm., when a slight increase was noticed 
towards the end. 

Glucose in twice isotonic concentration. Four experiments were per- 
formed using glucose solution of twice isotonic concentration. The sub- 
arachnoid pressure was maintained at 300 nun. normal saline solution. 


Table EL The effect of mono-iodoaeetic acid on the rate of absorption of isotonic glucose 
eolation from the subarachnoid space. The glucose was introduced at a pressure of 
400 mm. normal saline solution 1 hr. after administering the acid. The data have been 
treated in the same way as in Table I. Exps. 1 and 2 are with control nnimnls which 
had not previously been treated with mono-iodoacctic acid. 


no. 

1 

2 

3 

4 
3 
6 


Mono- 

iodoacetic 

acid 





Time (min.) 





’ 0 

9 

18 

27 

3G 

43 

54 

63 

72 

81 

9o' 

0 

O-o 

0-6 

0-4 

0-0 

0-4 

0-5 

0-4 

0-6 

0-4 

0-G 

0-5 

0 

0-4 

0-4 

O-G 

0-0 

0-5 

0-4 

0-5 

0-4 

0-0 

0-5 

0-5 

1/7000 

0-5 

0-3 

0-4 

0-3 

0-5 

0-4 

0-4 

0-4 

0-5 

0-5 

0-5 

1/6000 

0-4 

0-4 

0-5 

0-3 

0-3 

0-4 

0-3 

0-3 

0-4 

0-3 

0-4 

1/6000 

0-7 

0-8 

0-8 

0-9 

0-7 

0-8 

0-8 

0-9 

0-S 

0-S 

0-9 

1/7000 

0-6 

0-5 

0-4 

o-r, 

0-5 

0-5 

0-5 

0-C 

0-5 

0-G 

0-G 

1/6000 

0-4 

0-6 

0-4 

0-5 

0-4 

0-4 

0-5 

0-4 

0-4 

0-5 

0-4 

1/6000 

0-4 

0-3 

0-2 

0-4 

0-4 

0-3 

0-5 

0-4 

0-5 

0-5 

0-5 

: ELL The effect of mono-iodoacetic acid on 

the rate of absorption of twice 

isotonic 


uuiu me suuuracanora space, rne glucose was admirustereU at n 

pressure of 300 mm. normal saline solution 1 hr. after administration of the acid. 
The data have been treated in the same way as in the previous tables. The first two 
experiments are with control animats which bad not previouslv been treated with the 
acid. 


Exp. 

no. 

1 

2 

3 

4 


Jlono- 

iodoacetic 




Time (min.) 

f 




add 

0 

9 

18 

27 

36 

45 

54 

63 

0 

0-2 

0-2 

0-2 

0-2 

0-1 

0-1 

0-1 

0*1 

0 

0-2 

0-2 

0-2 

0-2 

0-2 

0-2 

0*1 

0*1 

1/6000 

0-2 

0-2 

0-2 

0-2 

0-2 

0-1 

0*1 

0*1 

1/6000 

0-2 

0-2 

0-2 

0-3 

0-3 

0-3 

0*2 

0*1 

1/6000 

0-4 

0-3 

0-4 

0-4 

0-4 

0-2 

0-1 

0*1 

1/7000 

0-3 

0-2 

0-2 

0-2 

0-2 

0-2 

0-1 

0*1 



188 


T. H. B. BEDFORD 


A reduction in the rate of inflow was observed which resembled very 
closely in its extent and time of onset that found in animals not previously 
poisoned with mono -iodoace tic acid. Figures from experiments illus- 
trating the action of mono-iodoacetic acid on absorption of glucose are 
given in Tables II and III. 


Discussion 

Although it would appear that mono-iodoacetic acid is without 
influence on the absorption of water from glucose solution when the 
latter is introduced into the subarachnoid space at pressures of 300 and 
400 mm. normal saline solution for l£ hr., it is questionable to what 
extent the experiments justify the conclusion that glucose is normally 
absorbed from the subarachnoid space by a simple physical process. 
The concentration of glucose used throughout the experiments was never 
less than 5-4 % ; this is many times the concentration normally present 
in cerebrospinal fluid. The experiments do not exclude the possibility' 
that small quantities of glucose may be absorbed by a vital process. It 
was necessary also to employ abnormally high subarachnoid pressures in 
order to obtain a measurable inflow of fluid. Although these pressures 
were maintained at as low a level as practicable, they would tend to favour 
a physical rather than a vital factor in absorption. It might be thought 
that the rate of inflow and the duration of the experiments were in- 
sufficient to obtain complete replacement of the contents of the subarach- 
noid space. It is doubtful, however, if the experiments can be criticized 
on this basis. Weed [1935], while studying the effect of foreign solutions 
on the rate of absorption from the subarachnoid space, found that a 
period of 10-15 min. was needed in order to establish a new rate of 
absorption. He used a pressure 400 mm. above the normal; this would 
give a total subarachnoid pressure of 500-600 mm. normal saline solution. 
A study of his figures for the minute rate of absorption of Locke’s solution 
reveals that the inflow at 600 mm. was exactly double that at 400 mm. 
Even at 500 mm. inflow was still § greater than at 400 mm. In the experi- 
ments under consideration the subarachnoid pressure never exceeded 
400 mm. normal saline solution. The average inflow of glucose per min. 
solution was somewhat greater than that found by Weed for the ab- 
sorption of Locke’s solution at the same pressure; in some instances 
Weed’s figures were greatly exceeded. It would seem justifiable to 
conclude that a complete replacement was effected within 20-30 min. 
in experiments conducted at a pressure of 400 mm. normal saline solution. 
Ample time would be available therefore for the glilcose solution to exert 
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its fall effect at the site of absorption, for the total duration of the experi- 
ments was li hr. 

To sum up, the experiments would appear to provide evidence that 
glucose solution can be absorbed from the subarachnoid space by a 
process of simple diffusion and filtration. The possibility that small 
quantities of glucose are normally absorbed by a specific process has not, 
however, been entirely excluded. 

Summary 

1. A study has been made of the effect of mono-iodoacctic acid on 
the absorption of water from isotonic and twice isotonic glucose solutions 
in the subarachnoid space. 

2. The rates of absorption after H hr. at pressures of 300 and 400 mm. 
normal saline solution were the same as those observed in animals which 
had not previously been poisoned with the aCid. 

3. It is concluded that the experiments provide additional evidence 
that glucose can be absorbed from the subarachnoid space by a simple 
physical process. 
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THE PART PLAYED BY THE RENAL NERVES IN 
THE PRODUCTION OF WATER DIURESIS IN THE 
HYPOPHYSECTOMIZED AND DECEREBRATE DOG 

By L. E. BAYLISS and A. BROW 
From the Department of Physiology, Edinburgh 

(Received 15 January 1940) 

It is now generally recognized that the diuresis which results from the 
rapid ingestion of a relatively large quantity of water is produced through 
the mediation of some structure or structures in the hypothalamic region 
of the brain. The work of Vemey and his associates strongly suggests that 
one of the important structures is the posterior lobe of the pituitary body. 
Fee, and others, however, have shown that complete removal of the 
pituitary body does not necessarily prevent the onset of water diuresis, 
and, as a result of his experiments on decerebrate and hypophysectomize 
dogs, he suggested [1929] that the renal nerves might play a part; this 
suggestion was supported by the experiments of Bayliss & Fee [1930] 0 
the perfused innervated kidney. It is true that Bykow & Alexejew 
Berkmann [1931], confirmed by Klisiecki, Pickford, Rothschild & Verney 
[1933] have shown that in the intact dog, denervation of the kidney has 
no action on the response to a subsequent dose of water, but it is con 
ceivable that this might apply only to the animal with normal pituitary 
body, and not to the hypophysectomized and decerebrate preparation 
The first of our series of experiments was performed exact y a 
described by Fee [1929], with the addition that the nerves supplying t e 
left kidney were removed as completely as possible either just e ore 
just after decerebration. No conclusive results were obtained, an 1 na 
felt that the rather extensive abdominal interference, toget er wi 
shock of decerebration, left the preparation in an unsatisfactory condition 
for studying the response to the administration of water. 

In the present series, therefore, the denervation was came ou n 
less than 10 days before the hypophysectomy and decere ra on, an 
test of the response to the administration of water. 



renal nerves and water diuresis 
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Methods 

The denervation was carried out under pemocton and ether, with full aseptic precautions. 
The left kidney was approached through an abdominal incision and entirely freed from td 
its attachments except the renal artery nnd vein and ureter; these were then carefully 
cleared of all visible nerves, and the Iddney fixed to the abdominal wall by a stitch through 
the capsule at the lower pole. 

Before decerebration, or immediately after, tho ureters were exposed under ether 
anaesthesia extru-peritoneally, and catheters were passed up them for collection of urine. 
(It was found that simple cannulation was apt to be unsatisfactory owing to the po-=ibilit_\ 
nf h'nl-ini. when rigidity came on.) In addition, a bleeding cannula was inserted into one 
carotid artery and a cannula for recording tho blood pressure in tho other; a loop of intestine 
was exposed and either a loop of string tied loosely round it, so that a ncedlo could sub- 
sequently be easily inserted, or a glass cannula was tied into it with a purse-string suture; 
finally, a cannula was often inserted into ono jugular vein, as it was not infrequently found 
that, owing to the haemorrhage encountered during decerebration, intravenous infusion of 
defibrinated blood was advisable. 

Hypophyaectomy and decerebration were carried ont as follows. Both sides of tho skull 
and both cerebral hemispheres were removed as completely as possible ; tho brain stem was 
lifted so as to expose the pituitary body which was then removed, usually intact, with lino 
forceps; the brain stem was then severed by a cut passing from about the superior corpora 
quadrigemina to the pituitary fossa; the whole of tho brain stem anterior to this was 
removed and tho akull lightly packed with cotton wool. Haemorrhage was controlled by 
irrigation with hot saline eolation, and the field of operation was kept clear by constant 
suction. 

The rate of urine flow was followed continuously. Samples of blood and urine were 
taken at intervals and analysed for creatinine and chlorides, creatinine bvdrochlorido being 
injected subcutaneously so as to raise the blood concentration to a Buitnblo value (10-20 
mg./lOO c.c.). In addition, in some experiments the total solid concentration of tho blood 
and the total phosphate concentration of the blood and urine, were estimated. (Wo are 
indebted to Mr S. R. Elsden for these last determinations.) Creatinine was estimated as 
creatinine picrate, chlorides by a slight modification of the electrometrio titration method 
of Eggleton, Eggleton k Hamilton [1937] and phosphates by tho method of Fisko k 
Subbarow [1925]. 

Water was administered direct into the small intestine from a Mariotto bottle at the 
rate of about 10 e.c./min.; too rapid administration was apt to lead to regurgitation into 
the stomach and considerable delay in absorption. 

Water diuresis in the denervated kidney 

The response to the administration of water was examined in eighteen 
dogs with one kidney denervated, and in ten control dogs with both kidneys 
innervated. Water diuresis was obtained as frequently in the denervated 
kidneys as in the innervated, and altogether no consistent difference was 
observed between the two groups (Fig. 1). It appears that even in the 
hypophysectomized and decerebrate preparation, the renal nerves play 
no part in the production of water diuresis. 

The results are expressed concisely in Table I, in which are included 
for comparison, the results obtained in the preparations with acutely 

13—2 
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denervated kidneys, and some results obtained earlier by Tee and by 
Bayliss and Fee. It 'will be seen tbat an unmistakable response to the 



O denervated kidney; • innervated kidney. 


administration of water was not by any means always obtained onic 
observed on similar preparations by Newton & 
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seen, in Table II, this polyuria, arbitrarily defined as a mine flow of 
0 5 c.c./min. or over, is not a common phenomenon, although appearing 



Fig. 2. Dog 23, 12 kg. Left kidney denervated 11 October 1938. Hypophysectomized and 
decerebrated, 25 October 1938. Spontaneous polyuria; checked by ether immediately 
in innervated, and less markedly, after considerable delay, in denervated kidney; fall 
in creatinine clearance in innervated, and rise in denervated kidney. Marked fall in 
chloride excretion on de cerebration. A dminis tration of water leads to fall in urine 
flow in spite of rise in blood pressure and in creatinine clearance. O denervated 
kidney; • innervated kidney. 

somewhat more frequently in preparations with one kidney denervated 
than in those with both kidneys innervated. It has onlv been observed 


TJrino flow c.c./min. -n, , __ 

' Blood preflfluro mm. Hg 
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Table 11 



Number of experiments Allowing 


f 

Spontaneous 

polyuria 

No spontaneous 

polyuria Total 

/ number of 

Loft kidney denervated: 
Acute 

Chronic 

Both kidneys innervated: 
Edinburgh series 

r ' ^ 

Inn. Den. 

1 2 

5 5 

o 

Inn. Den. experiments 

0 G 11 

7 7 21 

8 H 


A number of experiments could not bo classified. They were (a) those in which water had 
been given before decerebration or very shortly after, and (6) those in which the blood 
pressure and/or the creatinine clearance failed to rise to, and be maintained at, or above, 
about 80 mm. Hg and 10 o.c./min. respectively. 


at blood pressures greater tlian about 80 mm. Hg and tvitli creatinine 
clearances greater than about 10 c.c./mim, and when these values are 
maintained for an hour or so. 

Spontaneous polyuria in these preparations is closely related to water 
diuresis. Neither appears unless there is an adequate blood pressure and 
creatinine clearance. Both are checked by ether anaesthesia and by the 
injection of pituitary extracts. In both, the inhibition by pituitary 
extracts takes place with a slight rise in creatinine clearance. In both the 
inhibition by ether is less marked, and may be absent, in the denervated 
kidney, and is accompanied by a fall in creatinine clearance (Table V). 
It is possible, indeed, that some of the apparently spontaneous polyurias 
were, in fact, the result of a water load existing in the dogs before 
decerebration, but we have no evidence of this. The dogs were allowed 
access to water before the operation, but none was given deliberately. 
None of the chronically denervated animals showed gross polyuria or 
polydipsia before decerebration. 

The question arises, therefore, as to whether the increase in urine 
flow that follows the administration of water is not due to a release of a 
spontaneous polyuria previously latent owing to an inadequate glomerular 
filtration Tate. The absorption of a relatively large volume of water would 
be expected to result in a rise of blood pressure, possibly in a reduction 
of vaso-motor tone, and in an appreciable dilution of the blood. If this 
were so, some doubt would arise as to whether the response to water in 
the hypophysectomized and decerebrate preparation was in any way 
oomparable to that in the intact animal. It might be held that removal 
of the hypophysis and the hypothalamic centres always resulted in an 
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essentially polyunc preparation, and no mechanisms for the control of 
water diuresis, other than those already postulated, need he looked for. 



Fig. 3. Dog 34, 12*5 kg. Doth kidneys innervated. Spontaneous polyuria; checked by 
0*002 unit pituitrin (P.D. and Co.) with slight rise in creatinine clearance. Doubtful 
response to water. O left kidney; # right kidney. 


Several observations, however, are inconsistent with this hypothesis. 
(a) It is possible to get a response to water in preparations which fail to 
develop a spontaneous polyuria in circumstances at least as favourable 
as those in which other preparations do develop one. Thus Exps. 34 and 
35 may be compared (Figs. 3 and 4). In Exp. 34 a spontaneous polyuria 
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developed within 1 hr. of decerebration, the blood pressure rising from 
Lout 75 nun. Hg to about 100 mm. Hg, ond the creatinine clearance rain. 



c 

E 

o 

u 

C 

E 



o 


£ 

*C 

I 


o 

d 


fc 

o 

c: 

o 

c 






Fig. 4. Dog 35, IX kg. Both kidneys innervated. TFater diuresis, with transient rise in 
creatinine clearance; checked by ether, with fall in creatinine clearance, and by 
0-002 unit pituitrin (P.D. and Co.) without change in creatinine clearance. A second 
administration of water leads to a second water diuresis. O left kidney; • right 
kidney. 


to22c.c./min. InExp. 35, no spontaneous polyuria developed, even though 
the blood pressure was 90-100 m m. Hg for 1£ hr. after decerebration, 
and the creatinine clearance reached 18 and 24 c.c./min. in the two 
kidneys respectively. Administration of water resulted in a marked 
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polyuria. (&) It is sometimes possible to obtain two responses to the 
ad minis tration of water on the same preparation (Fig. 4). In this series 
we have been able to observe this in two dogs each with one kidney 
denervated (in one, only the denervated kidney responded the second 
time) and in one dog with both kidneys innervated. In none of these was 
there any evidence that the falling off of the first response was due to an 
inadequate blood pressure or creatinine clearance. Newton and Smirk 
[1934] have called attention to the importance of being able to obtain 
two responses to water in the hypophysectomized and decerebrate pre- 
paration, as evidence for the existence of some control over diuresis other 
than that due to the pituitary body, (c) In some preparations a response 
to water was superimposed on a spontaneous polyuria, without more than 
a transient rise in blood pressure or creatinine clearance. On the whole, 
then, our observations confirm those of Fee [1929] and of Newton and 
Smirk [1934] ; hypophysectomy and decerebration do not necessarily lead 
to polyuria. 

The conte ol of water diuresis 

Fee [1929] has recorded the appearance of polyuria in the denervated 
kidney after hypophysectomy and decerebration, while the urine flow 
on the innervated side was normal. On the basis of this, and of the 
results obtained by Bayliss & Fee [1930] on the effect of denervation in 
increasing the urine flow in the perfused innervated kidney, it was 
predicted that hypophysectomy would always lead to polyuria in a 
denervated kidney. Polyuria, in fact, could be prevented either by the 
presence of the pituitary body or by the action of the renal nerves. We, 
however, have always observed polyuria, if at all, in both the innervated 
and the denervated kidney. This clearly complicates the problem and 
suggests that the renal nerves are not responsible for its inhibition except, 
possibly, as a result of simple vasoconstriction and reduction in glomerular 
pressure. Taking into account the observations of Vemey [1929] and of 
many others, who have shown that simple hypophysectomy does not, in 
acute experiments, under anaesthesia, necessarily lead to polyuria, it 
would appear to be necessary to postulate some diuretic or anti-diuretic 
hormone, in addition to those supposed to be derived from the anterior 
and posterior lobes of the pituitary body. 

CORRELATION OF THE TYPE OF RESPONSE WITH THE 
LEVEL OF BRAIN SECTION 

At the end of each experiment post-mortem examination was made 
in order to discover as accurately as possible the exact position at which 
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the brain stem bad been divided. For conciseness in presenting the 
results, each level has been given a number and letter, as indicated in 
Table III, and from tbe Table it will be seen that there appears to be no 


Table D3. Correlation with level of brain section 


P0li : Uria No polyuria 



After water 

Imw blood 

i 



. A v 


Spontaneous 

Certain 

Doubtful 

pressure 

Other reasons 

la 1 

la 1 

2a 

la 1 

la 1 

2a 1 

2a 

2c 

2 a 

2a 

2b 

3a 

3a 

26 

2c 

3b s 

4b 

3b 

2c 

36 

4a» 

5b 

3c 

3a 

4a 

4c 5 


4a 

3c 

46 

5b 


5b 

4a 

56 



5c 

4b 





Co 



1 Pituitary intact. 

5 Pituitary intact but stalk severed. 

* Polyuria ceased; no subsequent response to water. 

Explanation of notation used 

Ventral: 1, anterior to optio chiasma. 

2, middle of optic chinsma. 

3, middle of tuber cinercum. 

4, posterior margin of tuber cinereum. 

6, level of IUrd nerves, or more posterior. 

Dorsal: a, anterior margin of superior corpora qundrigemina. 

b, middle of ditto. 

c, posterior margin of ditto, or more posterior. 


correlation between tbe presence or absence of polyuria, or of a response 
to water, with tbe position of tbe brain section. We are at a loss to explain 
this observation. It may be that tbe hypothetical diuretic centre has 
different anatomical relationships in different dogs, and in this connexion 
it will be remembered that Reichert & Dandy [1936] were unable to find 
any relation between the exact position of a puncture in the hypothalamic 
region and the presence or absence of polyuria subsequently. It may be, 
also, that the 'physiological level of the section differs appreciably from 
the anatomical level, and that the difference varies from one dog to 
another. One might expect, for example, that where there had been 
much haemorrhage during the operation of hypophysectomy and decere- 
bration, the physiological level of the section would be more removed from 
the anatomical level than it would if the haemorrhage had been slight and 
well controlled; we can, however, obtain no evidence for this from our 
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observations. Alternatively, of course, it may be that the structure 
responsible for the onset of polyuria is not located in the hypothalamus, 
and that its activity is controlled by totally unr ecognized factors. 


The action of anaesthetics 

Fee [1928] has shown that a true water diuresis cannot be obtained 
in dogs under the anaesthetics ether, chloroform, paraldehyde, urethane 
or amytal, or under morphia. Newton & Smirk [1933], on the other hand, 
obtained water diuresis in cats under chloralose; it was inhibited by 
ether and chloroform. Theobald [1934] obtained it in dogs asleep under 
chloralose, but not fully anaesthetized. The action of ether has been 
repeatedly studied in this series of experiments, and a few observations 
have been made on the action of nembutal and chloralose. We have 
confirmed the fact that before hypophysectomy and decerebration, the 
administration of water to dogs under ether has no appreciable effect on 
the urine flow. After hypophysectomy and decerebration, and after the 
ether has blown off, the administration of ether during a polyuria, either 
spontaneous or after the administration of water, instantaneously 
reduces the urine flow in the innervated kidney, but has only a smaller, 
and often delayed, action on the denervated kidney. The creatinine 
clearance of the innervated kidney is always reduced, but that of the 
denervated kidney follows the change in blood pressure, which may rise, 
fall or remain unaffected. The mean change in urine flow and creatinine 
clearance in the two kidneys as a result of the administration of ether 
six times to five dogs is shown in Table IV. It would appear, therefore, 


Table IV. Inhibition of polyuria 


Values expressed as percentages of value just previous to inhibition (geometric means). 


Urine flow 
Creatinine clearance 
Urine chloride concentration 
Chloride/creatinine clearance ratio 


By ether 

A 

Den. Inn. 


By pituitary 
extract 


58±IS (6) 
96+12 (6) 
171 + 43 (0) 
98+13 (6) 


22 ±4 (6) 
76+6 (0) 
171 ±46 (6) 
40±6 (6) 


48+0 (0) 
113±6 (0) 
172 ±8 (0) 
71 ±10 (6) 


that the chief action of ether is by way of the renal nerves, bringing about 
in all probability, vasoconstriction and a fall in glomerular pressure; the 
smaller and delayed action on the denervated kidney may in part be due 
to a release of adrenaline. The matter, however, is not quite so simple as 
this, since the creatinine clearance not infrequently fails to return to its 
initial value as the ether blows off, even though the urine flow does. 



renal nerves and water diuresis 


Nembutal was given to one animal only, (luring a water diuresis, 
with the result that the urine flow from the innervated kidney was 
markedly reduced, while that from the denervated kidney remained 
unaffected. No measurements were made of the creatinine clearance. 

Chloralose, however, appeared to have a smaller action on both the 
creatinine clearance and the urine flow in innervated kidneys than had 
ether, but only a few experiments have been performed. It is possible, 
therefore, that a true water diuresis might be obtained in a hypophy- 
sectomized and decerebrate dog under chloralose, although we ha\ e not 
yet succeeded in so doing. 

The action of ether may be contrasted with that of pituitary extracts 
(Tigs. 1 and 2 with Fig. 3: Fig. 4; Table IV). The latter not only fails to 
lower the creatinine clearance in either the innervated or the denervated 
kidney, but usually raises it slightly [confirming Samaan, 1935]; the 
urine flow is reduced equally in both kidneys. Moreover, a saline diuresis, 
produced, for example, by the intravenous administration of 4 g. NaCl 
in 60 c.c. water, after the dog failed to respond to the administration of 
200 c.c. water, was inhibited by ether, with the usual fall in creatinine 
clearance, but was unaffected by pituitary extract. These observations 
confirm, and extend, those of earlier workers, both in the absence of any 
marked action of pituitary extracts on the rate of glomerular filtration, 
and on the lack of inhibitory action on a diuresis produced by concentrated 
saline solutions [cf. Smith, 1937]. 

It must be emphasized that the relative absence of inhibitory action 
by ether on the denervated kidney applies only to the bypophysectomized 
and decerebrate preparation. VTe have never obtained any suggestion of 
a water diuresis, even in the denervated kidney, in the intact animal under 
ether or chloralose. It is possible that if the pituitary body is intact, 
administration of anaesthetics prevents the inhibition of its secretion 
that is supposed ordinarily to follow the administration of water. 
Anaesthetics, in fact, result in an inhibition of inhibition of the pituitary 
inhibition ! It may be recalled, in this connexion, that Shen [1937] has 
observed that anaesthetics prevent the inhibition of the secretion of the 
melanophore expanding principle of the posterior pituitary body in the 
frog. 

The excbetiox of chlorides 


The chloride concentration of the urine of our hypophysectomized 
and decerebrate preparations was often extremely low. This was not due 
to the rate of urine flow being abnormally high in relation to the rate of 
glomerular filtrarion, since even when this factor was taken into account 
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and tlie results expressed as the chloride/creatinine clearance ratio, the 
values obtained after hypophysectoray and decerebration were often 
very much lower than they had been before. (This is well shown in 
Figs. 1 and 2.) There was no correlation with the changes in the chloride 
concentration of the blood, which in any case were mainly small, there 
being a rise of up to 5% in five experiments, a fall of up to 4% in three 
and no change in one. The rate of excretion of chloride rose in three of 
these experiments and fell in six. The presence or absence of a polyuria, 
moreover, made no appreciable difference to the concentration of chloride 
in the urine, with the result that, as is seen in Table V, the chloride/ 
creatinine clearance ratio tends to be higher in the presence of a spon- 
taneous polyuria than in its absence. The average results for all the 

Table V. The effect of decerebration on the chloride/creatinine clearance 
ratio. (All figures to be multiplied by 10 - *.) 

Denervated series Innervated series 

Under etber 
Decerebrate: 

no polyuria 
Decerebrate: 

spontaneous polyuria 

experiments in which figures are available are shown in Table Y. Detailed 
examination of the individual experiments from which this Table was 
constructed shows that they fall roughly into two classes: (a) those in 
which the chloride/creatinine clearance ratio was very markedly reduced 
(to gV) , and (6) those in which it remained sensibly constant or rose 
somewhat. Out of eleven experiments, four were in class (6), but one of 
these may be discounted, as the rate of chloride excretion was very small 
even before decerebration. Of the ten remaining experiments, in two the 
tuber cinereum was untouched, and one of these fell in class ( b ) ; in six 
experiments, the section passed through the tuber and two were in class 
(6) ; in two experiments, the tuber was entirely removed, and neither was 
in class (6). The number of experiments is clearly too small for any 
definite conclusion to be reached, but there seems to be a suggestion that 
some structure in the tuber cinereum is concerned with the excretion of 
chloride by the kidney. 

The effect of the administration of water on the chloride concentration 
of the urine depended upon whether a polyuna resulted or not. As is 
shown in Table VI, the onset of a polyuria was almost always associated 
with a fall in the chloride concentration of the urine, whereas if there was 


Don. Inn. Left Bight 

128 ±99 (7) 46±21 (7) 32 + 9 (6) 36±13(5) 

16±6-6(6) 14+6-6(0) 14+3-7(10) 9+3-0(10) 


38±11 (6) 30±2-6 (6) 28±12 (2) 


19 ±7 (2) 
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Table VL Effect of water administration on cldorido excretion 



Diuresis 



( 

Certain 

Doubtful 

Ho diuresis 

Humber of experiments in which : 




Urine chloride concentration 



13 

1 

1 

Bose 

0 

o 

Was unchanged 

Fell 

1 

11 

0 

5 

Chloride/creatinine clearance ratio 



8 

Bose 

0 

- 

Was unchanged 

0 

0 

0 

Fell 

C 

3 

5 


no polyuria the urine flow often decreased (Fig. 2) and the chloride 
concentration rose. These changes were the result mainly, if not solely, 
of the changes in the rate of urine flow, as is shown by the inconstant 
behaviour of the chloride/creatinine clearance ratio this gives no indica- 
tion that the administration of water has any consistent effect on the 
fraction of the filtered chloride which is reabsorbed. 

Inhibition of a polyuria, either spontaneous or after the administra- 
tion of water, either by ether or by pituitary extracts, was associated with 
a rise in the chloride concentration of the urine. As is shown in Table IV, 
however, the chloride/creatinine clearance ratio remains unchanged in 
the denervated kidney during ether administration, and falls markedly 
in the innervated kidney. There is no reason to suppose that this fall is 
not due merely to the fall in creatinine clearance. Pituitary extracts, 
however, result in a slight fall in the chloride/creatinine clearance ratio, 
in spite of the rise in the creatinine clearance; this would seem to imply 
that pituitary extracts increase the fraction of the filtered chloride which 
is reabsorbed. The chloride clearance, however, uncorrected for the 
changes in creatinine clearance, showed no significant change, in agree- 
ment with the observations of White & Findley [1939], who observed no 
increase in chloride excretion in man after the administration of 0-15 
unit of pitressin per kg. Previous workers on the whole, however, have 
observed an increase in the excretion of chloride after the administration 
of pituitary extracts, although the changes have often been slight and 
inconstant [Smith, 1937]. 

Discussion 

Briefly, the present conception as to the mechanisms controlling the 
excretion of water appear to be : (1) that the posterior part of the pituitary 
body elaborates an anti-diuretic factor at a rate which is, or may be, 
controlled by impulses passing from tbe supra-optic, and possibly other’ 
nuclei in the anterior hypothalamus [Bauson, 1936] ; (2) that the removal 
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of this anti- diuretic factor will only lead to a polyuria if a diuretic factor 
is present, the elaboration of this factor being controlled by the anterior 
part of the pituitary body [Hanson, 1936]; (3) that the anterior pituitary 
probably does not itself secrete the diuretic factor, but only controls its 
secretion by the thyroid [Mahoney & Sheehan, 1936 ; White & Heinbeeker, 
1937 ; Biggart & Alexander, 1939] or the adrenal cortex [Silvette & 
Britton, 1938]. Spontaneous polyuria (diabetes insipidus) is produced by 
the interruption of the nerve tracts controlling the activity of the 
posterior pituitary, or removal of the posterior pituitary. Complete 
removal of the whole pituitary body does not uniformly result in polyuria, 
owing to the simultaneous removal of both anti-diuretic and diuretic 
factors, but does so, presumably, only when the spontaneous activity of 
the thyroid or the adrenal cortex, as the case may be, is great enough. 
Administration of water produces diuresis as a result of inhibition of the 
posterior pituitary, possibly by way of the nerve tracts supplying it. 

When we come to apply these conceptions to our own observations, 
we meet with certain difficulties. We have removed the whole of the 
anterior hypothalamus, and both anterior and posterior lobes of the 
pituitary, so that none of the hypothalamic or hypophyseal mechanisms 
just mentioned can have been operative. Accessory anti-diuretic regions, 
e.g. the tuber cinereum and the mamillary bodies, have been postulated, 
but in many of our experiments, as in those of Newton & Smirk [1934], 
all these regions have been removed, without the production of polyuria. 
In view of this, we have felt more inclined to postulate the existence of a 
diuretic factor, but the lack of correlation between the position of the 
brain section and the occurrence of polyuria raises a doubt as to whether 
its elaboration is controlled by any structure in the brain stem. On the 
basis of the previous work, it would seem to be at least related to the 
activity of the thyroid or the adrenal cortex. The irregular occurrence of 
spontaneous polyuria would have to be accounted for by assuming a 
greater activity of the thyroid or adrenal cortex in some of our dogs than 
in the others. It would appear, also, to he necessary to postulate a direct 
action of the ingested water on the organ or gland responsible for the 
formation of the diuretic factor. The rapidity of the response, however, 
makes it rather unlikely that the diuresis results solely from an increased 
secretion by the thyroid, and, while the observations of Silvette & Britton 
[1938] on the action of the adrenal cortex in opossums seems definite 
enough, they have not been confirmed in dogs ; indeed Biggart & Alexander 
[1939] failed to observe any action of cortical extracts on their puncture 
polyurias, whereas administration of thyroid increased the diuresis. The 
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polyuria that they observed immediately after the puncture, however, 
differed from ours in being unaffected by posterior pituitary extracts. 

Such an hypothesis, moreover, does not provide a satisfactory 
explanation of why some of our preparations responded to the administra- 
tion of water, and others did not. We have no reason to suppose that the 
hypothetical mechanisms were not functioning normally before hypo- 
physectomy and decerebration; and to suppose that the division of the 
brain stem interfered with the operations of the thyroid or adrenal cortex 
in some preparations more than in others, brings us back to the lack of 
correlation between the behaviour of the preparation and the level of the 
brain section. Individual differences between the dogs appears to be the 
unsatisfactory, but only possible, explanation. 

Summary 

1. The renal nerves play no part in the production of water diuresis 
in the hypophysectomized and decerebrate dog. 

2. Spontaneous polyuria sometimes follows hypophysectomy and 
decerebration. The renal nerves play no part in its onset. 

3. There appears to be no correlation between the position at which 
the brain stem is divided and (a) the occurrence of spontaneous polyuria, 
or (b) the capability of yielding a water diuresis. 

4. Inhibition of spontaneous polyuria and water diuresis by ether is 
chiefly the result of a fall in creatinine clearance, produced by the action 
of the renal nerves. Inhibition by pituitary extracts takes place without 
change in creatinine clearance, and the renal nerves play no part (con- 
firming earlier workers). 

5. Many, bnt not all, the preparations show a marked fall in chloride 
excretion after hypophysectomy and decerebration. There is a suggestion 
that this only occurs if the tuber cinereum is damaged or removed. 

6. The excretion of water appears to be independent of that of 
chlorides. 

7. None of the existing theories of the control of water excretion 
appears to be entirely capable of accounting for all our observations. 


PH. XCYHL 
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THE TIME COURSE OF THE OXYGEN CONSUMPTION 
OF STIMULATED FROG’S MUSCLE 

Bv D. K. HILL 

From the Physiological Laboratory, Cambridge 
(Received 23 January 1940) 

Stimulation of an isolated muscle in oxygen causes a temporary increase 
in its rate of oxygen consumption. It is of interest to inquire whether this 
extra oxygen consumption occurs as an immediate reaction to excitation, 
the oxidative process providing the energy for contraction, or whether the 
extra oxygen consumption takes place as a recovery process afterwards. 
Myothermic experiments seem unequivocally in favour of oxidation being 
a recovery process. Direct methods have led to conflicting results. The 
only attempts of any importance have been described by Eenn [1927] and 
Millikan [1937]. The inconclusiveness of their results depended (1), in 
Millikan’s method, on the impossibility of distinguishing between “ initial” 
and “recovery” processes in a muscle with a rate of metabolism as high as 
that of a cat’s soleus at 37° C., and (2), in Penn's method, on the impos- 
sibility of making appropriate corrections for the slowness of diffusion of 
oxygen through the muscle and of the evolution of carbon dioxide. 

The present method of determining the time course of oxygen con- 
sumption of stimulated muscle was designed to obviate these two important 
sources of ambiguity. The confusion of initial and recovery processes is 
rendered unimportant by using a short duration of stimulus with a frog 
muscle cooled to 0° C. The methods of dealing with the diffusion of oxygen 
and carbon dioxide will be considered later. 

Method 

Apparatus. An isolated pair of saxtorius muscles of an English frog 
(Rana temporaria) is used. The muscles are balanced against each other 
m the two bulbs of a differential volumeter (Eig. 1). This volumeter is 
exactly similar, in principle, to that used by Schmitt [1933] for investiga- 
tions of the metabolism of nerve. Each muscle is supported in the gas 
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space on a glass frame which is part of the stopper. The tibial end of the 
muscle is slipped through the ring at the upper end of the frame. Part of 
the pelvic bone is left attached to the muscle and this rests on the upper 
surface of the ring. A thread, tied to the tibial end of the muscle, is attached 
to the lower end of the frame. The muscle is stimulated by platinum elec- 
trodes, the external leads to which are protected by narrow rubber tubing. 
The capillary tube between the bulbs has an internal diameter of 0-39 mm. 
or an area of cross-section of 0-11 mm. 2 A drop of petroleum ether (b.p. 




Fig. 1. Differential volumeter. I, with Btoppers and muscles in position. IT, stopper with 
muBcle. HI, capillary and index drop as seen by microscope with cross-wire in position 
of reference. Diameter of capillary 0-39 mm. M, sartorius muscle; P, pelvic bone; 
E, stimulating electrodes ; G, glass support; W, rubber tube insulating leads; B, bridge, 
with tap, T ; C, capillary tube. 


greater than 140° C.) about 2 mm. long is used as indicator in this tube : it 
is introduced on the end of a piece of copper wire (20 s.w.g.). The bridge, 
with stopcock, joining the two bulbs enables the position of the index drop 
to be adjusted and is essential when placing the stoppers in position nn 
during the period of temperature equilibration. Since the capillary tu e 
is short and does not allow much unilateral volume change, the stopcoc 
is turned off only shortly before readings are to be taken. 

The carbon dioxide produced during rest and activity is a sor e y 
soda placed on a strip of filter paper which is stuck to the wall o t e \ esse . 
The soda used is isotonic with Ringer’s solution (0-125 M), m or ero 
avoid transference of water by distillation from the muse e o e s 
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ubicb ™M occur if the soda wet. stronger. The muscle remains excitable 
much longer if diving is thus prevented. It is easdv shovm that ttae » 
suffleiertsoda present to deal tvith the carbon dtox.de produced dur.ng 
the period of the experiment. The adequacy of this method of absorpt.on 
of carbon dioxide vrill be discussed later. 




Tig. 2. Volumeter in ice. D, trail of Hetrar flash; L, flash-lamp bnlb; J, objective of 
microscope lotrered mto tvater; R , tube of microscope; Q, micrometer rcretr. 


The whole volumeter is immersed, capillary tube uppermost, in a 
Dewar flask full of finely crushed ice and a small quantity of water (Tig. 2). 
The ice is cleared away in a small area over the index drop and the objective 
of a travelling microscope is lowered into the water. The index is brightly 
illuminated by means of a flash-lamp bnlb, soldered to two wires, which is 
pushed down into the ice. The lamp is turned on only when required to take 
readings, as the beat it produces, if left on, may cause movement of tbe 
index. Readings are taken with the cross wire of the microscope perpendi- 
cular to the capillary and tangential to the meniscus of the drop. The 
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magnification is 20 diameters. The microscope is shifted by a micrometer 
screw, graduated to mm., and this is the smallest movement recorded: 
it corresponds to a unilateral volume change of about 10 -3 mm. 3 

Besides keeping the muscle at 0° C. and so facilitating the resolution 
of the different metabolic phases, the mixture of ice and water provides a 
very necessary and accurate thermostat. The volume of each bulb of the 
volumeter is as small as possible, about 5 c.c. The sensitivity is independent 
of the volume, but the pressure driving the index, for a given total volume 
change, is increased, and the effect of unilateral temperature change is 
reduced, if the volume of the bulb is kept low. Even with a bulb volume as 
small as 6 c.o. a unilateral temperature change of J0~ 3 °C. would cause a 
movement of the index of 0'1 mm. and a serious disturbance: hence the 
necessity for a good thermostat. This can only be obtained by surrounding 
the volumeter with finely crushed ice with a small amount of water. A 
half-and-half mixture of ice and water kept well stirred by bubbling air is 
unsatisfactory. The net change of temperature is nil, but rapid to-and-fro 
movements of the index occur, indicating temperature pockets. 

Cleaning the capillary tube. It is very important that the capillary 
tube be extremely clean in order that the index shall move smoothly over 
the very small distances recorded. This is particularly necessary in the 
early stages when, as will be seen later, there is an initial very small 
increase in volume due to heat production. When the tube has not been 
properly cleaned, this heat expansion may be under-registered or even not 
observed at all. In this case, apart from the impossibility of accurate 
analysis of the result, the observer has no immediate sign of activity of the 
muscle and cannot gauge the magnitude of the response. Similarly, in the 
later stages of the oxygen uptake a stickiness in the tube will render 
doubtful the shape and final maximum of the record. The method adopted 
for cleaning is to immerse the volumeter, containing dichromate-sulphuric 
acid, for several hours in boiling water. The tube is then washed with 
distilled water, alcohol and finally anaesthetic ether. 

It might be thought to be advantageous to increase the sensitivity of the volumeter hy 
using a capillary tube of narrower bore. That is not the case: there is a minimum size of 
tube that can be kept free from all traces of stickiness. The word “stickiness” refers hero 
to “stick -and-slip” friction as distinct from viscous drag. By adequate cleaning it can be 
eliminated completely in a tube not too small, whereas the viscous drag must always 
remain and be a function partly of the size of the tube. The presence, however, of viscous 
drag is of no importance and there is, therefore, no advantage to be gained by using a tube 
lorger than that which can be kept free from stickiness. The limit is set by the pitch of the 
micrometer screw. Actually, in a number of experiments in which the maximum sensitivity 
was not required a larger tube, of bore 0-55 mm., was used. It is much easier to 
keep clean. 
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In the paper bv Schmitt [1933] can be found a full account of tho considerations in voked 
in the choice of flnidfor the index. Dimethyl aniline, butyric acid and valerianic acid have 
been tried, bnt are less satisfactory than petroleum ether (b.p. greater than 140’ C.) owing 
to their higher -vapour pressure. 

Base drift. Unless certain precautions are taken, it is found that a slow 
drift of the index remains after the necessary time for temperature 
equilibration has elapsed. Control experiments made with the muscles 
absent show that this cannot be accounted for by inequality in the rate of 
resting oxygen consumption of the two muscles. Schmitt [1933, 1936] has 
made a study of the causes of base drift; these are: 

(1) Slipping at ground joints. The area of cross-section of the st-opper 
is about 2 cm. 2 and a movement of 0-01 p/ min. will cause a drift of the 
index as great as that produced by working non-differentinlly. This 
slipping can be prevented by using vaseline as the joint lubricant: the 
stopper is then turned in its seating until it jams. 

(ft) Unequal evaporation at the two surfaces of the index. This may be 
caused by a previous unidirectional movement of the index with con- 
sequent wetting and increase of the area for evaporation on one side. The 
effect can be minimized by running the index up and down the capillary 
tube several times before the bridge is finally closed. 

By jamming the stoppers and wetting the walls of the capillary before 
closing the bridge, it has been found possible to diminish the time necessary 
for equilibration to half an hour or even less. 

Stimulus. The muscles are stimulated by a thyratron circuit at a 
frequency of about 5 per sec. The frequency is kept to the minimum 
required to maintain a tetanus. By doing this, and also by designing the 
thyratron circuit to give excitation with least stimulus energy {RC of 
discharge circuit equal to the time constant of excitation of the muscle), 
the heating effeet of the sfmrcins can he made negligible. Y okmzation is 
avoided by both charging and discharging the condenser through the 
muscle. 

Control heating. Artificial heating of the muscle without stimulation 
is needed in order to make a control curve to correct for heat evolved 
during muscular activity. This is provided by high-frequency alternating 
current (10 s c./sec.) passed between the stimulating electrodes. The muscle 
is not excited by a current of this frequency. 

Treatment of the muscles. The muscles, mounted on the frames, are 
soaked in a cold store in oxygenated Ringer’s solution containing phosphate 
buffer at pH 7-2 (10 mg.P/100 c.c.). Muscles which axe soaked for not less 
than 12 hr. remain excitable for many hours in a gas space at 0° C. 
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Supply of oxygen to the muscles. The bulbs of the volumeter are filled 
with oxygen from a cylinder. To reduce the effect of sbpping at ground 
joints there are no side tubes and the oxygen is introduced through a tube 
to the bottom of the open bulb, expelling the air. The stopper is then 
inserted. The exact composition of the gas in the chambers is unknown, 
but this does not matter: the amount of air mixed with the oxygen is 
certainly small. The adequacy of supply of oxygen to the muscle at rest 
and following stimulation must be considered: 

(1) At rest. It can be calculated [Hill, 1928] that for a strip of muscle 
at 0° C., exposed on both sides to pure oxygen, the greatest thickness 
which can be fully supplied with oxygen is 9-4 mm. The average thickness 
of the sartorii used was only 0-9 mm. 

(2) Following activity. The time course of oxygen consumption of 
stimulated muscle must not, at this stage, be presumed. We must admit 
the possibility that the excess oxygen usage associated with activity 
coincides with contraction. If, with this assumption, the oxygen already 
present in solution is adequate, then a delayed oxygen consumption 
following activity cannot be due to oxidation of metabolites produced 
only in the absence of oxygen. It can be calculated that at 0° C. the con- 
centration of oxygen in the innermost layer of a resting muscle 1 mm. 
thick exposed on both sides to oxygen is 38 mm. 3 0 2 /c.c. In the experi- 
ments to be described the greatest duration of tetanus employed was 
12 sec. The total quantity of oxygen required was 26 mm. 3 OJc.c. There 
could therefore have been no lack of oxygen in any part of the stimulated 
muscle. If the oxygen consumption proves in fact to follow a slow recovery 
process, then assurance is made doubly sure by further diffusion of oxygen. 

Results 

When the index is stationary and equilibration is complete, one muscle 
(A) is stimulated for 12 sec. During the stimulus there is a volume 
increase (Fig. 3) which ceases when the stimulus ends. The volume then 
decreases, reaches its original value in about li min., and then continues 
to decrease for about 30 min., when the index comes finally to rest (Fig. 4). 
Deflexions are recorded from the micrometer screw and times are taken 
wdth a stopwatch. The whole process is then repeated with the other 
muscle ( B ). When the oxygen consumption is complete, B is stimulated 
again: then A twice: then B twice, and so on, finishing with A once. The 
records (an equal number taken with either muscle) are then added 
together. By stimulating the muscles in this sequence a small \ ariable 
base drift is approximately compensated. 



Volumo increase 
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Fig. 3. .4, early stages of record on large scale. C, control heating scaled to same maximum. 
B, record corrected for initial heat production of muscle. 



Fig. 4. Complete record of movement of index following a 12 sec. tetanus. Portion corrected 
for heat is dotted. Mass of muscle about 100 mg. Thickness about 0-9 mm. 
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In order to find tlie time course of the oxygen consumption of the 
muscle cells, an analysis is necessary in which three factors must be 
considered: 

(1) The heat production of the muscle. 

(2) The carbon dioxide production of the muscle. 

(3) The rate of diffusion of oxygen into the muscle. 

The heat 'production. The initial volume increase is of the magnitude 
to be expected from the initial heat production. (The size of the latter can 
be calculated later from the total oxygen consumption, assuming that 
(initial heat)/ (recovery heat) = J.) To show this, it is necessary to make a 
heat calibration. The muscle is made inexcitable by soaking in isotonic 
potassium chloride and is then heated by a known condenser discharge. 
The index reaches its final position very rapidly (within a second) and the 
heat is then slowly dissipated. In a tetanus as long as 12 sec. it is sufficient 
to assume that the initial heat is given off in equal “ blocks ” in equal 
intervals of time during the stimulus. Each “block” would cause a 
movement of the index similar to that produced by “instantaneous 
heating, and it is possible to build up a calculated curve, to which the 
initial heat, in the absence of gaseous exchange, would be expected to give 
rise. When this is done, the values of the observed and calculated maxima 
are very nearly the same. The initial expansion, therefore, is large enough 
to represent the heat production of the muscle, so that oxygen uptake 
from the gas is of no importance before the end of the 12 seo. stimulation. 

Heat calibration is not done by means of the high-frequency oscillator, 
since it would be difficult to express the energy output into the muscle in 


absolute units. . 

For a tetanus as long as 12 sec. it can be assumed that the rate of 
initial heat production is constant, and to correct for it a “ heating control 
is required. This is obtained by heating the muscle artificially with the 
high-frequency oscillator for the same duration as the tetanus. The 
movement of the index during and after the heating is observed. This 
“heating control” is scaled down to the same maximum as the heat 
deflexion of the “live” curve and is then subtracted from the recorded 
numbers. The record is thus corrected for the initial heat production 
(Fig. 3). The recovery heat, equal in magnitude to the initial heat [ . • 

Hill , 1939], is produced so slowly that it requires no correction. 

Absorption of carbon dioxide. The carbon dioxide produced must finally 

be absorbed by the soda on the wall of the vessel. It might be thoug 
that the delay in passage of carbon dioxide from the surface o t e i muse ^ e 
to the soda on the wall would cause a complication, especially in the earl; 



OXYGEN CONSUMPTION OF STIMULATED MUSCLE 215 

stages when the rata of production of carbon dioxide is changing most 
rapidly. In these important early stages, however, any carbon dioxide 
produced is retained in the muscle which has become alkaline by the break- 
down of phosphocreatine. This change towards alkalinity occurs at all 
hydrogen-ion concentrations between pH 3 and 8 [Meyerhof & Lohmann, 
1928; Lipmann & Meyerhof, 1930]. The change is large: at pH 6 it has a 
ma ximum and the breakdown of one molecule of phosphocreatine results 
in an alkalinity equivalent to one molecule of NaOH. 

In order to show that the carbon dioxide really is being retained in the 
early stages after the stimulus, the soda is omitted from the chamber. It 
is then found that, after the initial expansion, the rate of volume decrease 
is actually greater than before. The reason is that the muscle is reabsorbing 
from the gas space the carbon dioxide which it had given out during the 
period of equilibration. The rate of volume decrease soon falls off, and as 
the phosphocreatine is resynthesized the carbon dioxide is given off into 
the gas space again, and the index finally returns nearly to its original 
base line, since the respiratory quotient is about 1. 

It is only in the later stages, therefore, that the problem of diffusion 
of carbon dioxide has to be considered. For the theoretical solution the 
author is much indebted to Mr P. E. Marrack: it is complicated and is not 
included here. It shows that for instantaneous liberation of carbon 
dioxide in the muscle an appreciable quantity will, for a short period, be 
present in the gas space. But we are more concerned here with the case 
of continuous production; the amount present in the gas then rapidly 
becomes negligible compared with the total produced. Experimentally, 
this can be confirmed by finding the effect of increasing the distance 
from muscle to soda. Normally the soda is put on a long strip of filter 
paper at a distance of about 3 mm. from the muscle. By putting the filter 
paper at the bottom of the bulb (with strict precautions to avoid getting 
any trace of soda on the sides of the vessel) the a verage diffusion distance 
can be increased about 10 times. The curve, nevertheless, remains 
unaltered: there is not even any discrepancy in the later stages when the 
carbon dioxide is appearing outside the muscle. No correction, therefore 
is needed for carbon dioxide production. 

Correction of the record for time taken for diffusion of oxygen into the 
muscle. The oxygen is used by the muscle cells at a rate greater than is 
apparent from the record. The muscle is assumed to use oxygen uniformly 
throughout its substance, and if its thickness and the diffusion constant of 
oxygen are known, a correction can be made. The method employed for 
correction is exactly similar to that used by Hill & Hartree [1920 etc ] for 



216 


D. K. HILL 


analysis of galvanometer curves. Tlie “control curve” in tMs case is 
calculated: it is that which would result from instantaneous consumption 
of a unit of oxygen by an infinite plane sheet of muscle [Hill, 1928, p. 68], 
Krogh’s value of the diffusion constant is used, corrected to 0° C. The 
thickness of the muscle is found by measuring the mass, and the length 
and breadth at several points while it is in position on the frame. The 
breadth is only 3—4 times the thickness, so that a slight error will result 
from use of the calculated “control curve”, which is theoretically for an 
infinite plane sheet. 



index if consumption of oxygen coincided with the activity. 


In Fig. 5 is shown the difference between the curves before and after 
analysis: the time to half maximum of the actual record is about 9 mm. 
and of the corrected oxygen consumption curve is about 7 min. The oxygen 
uptake is complete in about 30 min. Included in Fig. 5 is the cxuve w c 
would be followed by the index if oxygen utilization coinci e wi 


contraction. . , , 

Comparison with recovery heat production. Having obtarne e 
course of oxygen consumption of the muscle due to activity, it iso in res 
to compare this with the time course of oxidative delaye ea un e 
precisely the same conditions. By oxidative delayed heat is mean 
part of the delayed heat which is absent in the absence o oxygen, i 
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derived bv subtracting tbe anaerobic delayed heat from the total delayed 

heat, (see' a subsequent papeT). Tig. 6 shows that the curves o 

consumption and oxidative heat production are closely similar In the 
early stages there is no detectable difference between them: in the later 
stages there is a slight difference. 



Fig. 6. Comparison of the time courses of oxygen consumption and of heat production. 
At pH 7-2: A, oxygen; B t heat. At pH 6*0: C, heat; D, oxygen. 


Modification of the time course of oxygen consumption following stimulation 

At a given temperature, modification of the time course can be brought 
about: 

(1) By change of hydrogen-ion concentration. 

(2) By change in duration of stimulus. 

(3) By the action of drugs. 

The correction for diffusion is not large and for purposes of comparison of 
time courses of oxygen consumption under various conditions it need not 
be made. This applies to all subsequent parts of the paper. 

Recovery at high hydrogen-ion concentration. It was shown by Hartree 
& Hill [19246] that the effect of raising the hydrogen-ion concentration 
is to decrease the rate of delayed heat production. The determination of 
the time course of oxidative delayed heat production at 0° C. and pH 6 
will be described in a subsequent paper. The time course of oxygen con- 
sumption has been determined under exactly the same conditions, namely, 
with the same duration of tetanus and with the same buffer mixture 
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containing 25 mg.P/100 c.c. The rates of oxygen consumption and of 
delayed heat production are much less than at normal pH, being about 
halved: also the time courses of the two processes are nearly identical 
(Fig. 6). At pH 6 no oxygen is used during the first minute following 
stimulation. This shows very clearly that the oxygen consumption is due 
entirely to a recovery process. 

The dependence of the time course of activity oxygen consumption upon 
duration of tetanus. With a tetanus of duration less than 20 sec. the form 
of the oxygen consumption curve is invariable, and the rate of oxygen 



Fig. 7. The time course of oxygen consumption following ft tetanus of duration 1 min. ft 
pH 7-2. N, the same, but tetanus duration 12 Bee. Curves scaled to same maximum- 


consumption at any time is very closely proportional to the amount o 
recovery still to go, i.e. the curve has a logarithmic form. In the subsequen 
paper it will be shown that the same applies to the oxidative delayed hea 
at 0° C. These facts by themselves might point to the following simp e 
theory. Activity causes the formation of a substrate S which com me 
with oxygen at a constant potential, and the rate of oxidation is cqua 
kS, where k is a constant. With this hypothesis there should be no 
the rate of oxygen consumption: it should increase indefinite y wi e 
duration of the stimulus. The failure of the simple theory is s own y 


following facts: . • . - 

(11 The form of the oxygen consumption curve following ac vi j 
not really independent of duration of tetanus. As the latter is mcreas 
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beyond about 20 sec. this fact becomes apparent : the rate relative to the 
amount of initial breakdown is found to diminish (Fig. 7). 

(2) There is an upper limit to the rate of oxygen consumption induced 

by activity. 

Both these facts are manifestations of the dependence of the substrate 
oxidation upon an enzyme system of limited capacity. 

Determination of (he maximum possible rate of oxygen consumption. The 
muscle is stimulated in pure oxygen for 0 - 2 min. every minute. After 
about 7 min. the rate of oxygen consumption reaches a constant level. The 
fact that recovery from a single tetanus takes about 30 min. suggests that 
with the greater amount of activity the maximum possible rate of oxygen 
consumption is reached. This is confirmed by three facts: 

(1) By increasing the amount of stimulation the rate cannot bo 
increased further. 

(2) The rate of oxygen consumption during a 1 min. period, when 
corrected for heating, is uniform, 

(3) When stimulation ends, the rate of oxygen consumption remains 
constant at its maximum level for about 10 min. It then declines and the 


oxygen consumption is not complete for another hour. 

Time has not permitted the determination for many different muscles 
of the value of the maximum possible rate of oxygen consumption. It 
shows considerable variation from muscle to muscle. This is not incom- 


patible with the very marked constancy of the time course of oxygen 
consumption following a short tetanus. Whereas the rate of oxygen 
consumption following a long tetanus depends chiefly upon the concentra- 
tion of enzyme, this is not the case after a short tetanus, when the amount 
of substrate produced is small compared with the amount of enzyme 
present. For a typical experiment at pH 7-2 and 0° C. the maximum 


possible rate was found to be 4-1 x lO" 3 c.c./g. x min. The muscle was of 
thickness 0-86 mm. exposed on both sides, and the calculated maximum 
permissible steady rate of oxygen consumption for adequate supply is 
11 ‘9 * 10 -3 c.c./g. x min. The maximum possible rate of oxygen consump- 
tion is, therefore, not determined by the oxygen supply. 

At pH 6 the maximum possible rate is much smaller than at pH 7-2 
and is induced by less activity. A single 1 min. tetanus is enough. Follow- 
ing this the record is straight for about 10 min. (after correction for the 
uufaai heating) and the actual rate is found to be the same as that due to 
intermittent stimulation. In a typical experiment the value of the maxi 

* 10 " : Kmin.,whichisabontone-third 

that at pH 7-2. The variation of the maximum rate with pH confirms 



220 D. E. HILL 

the conclusion, that the maximum rate is not limited by diffusion of 
oxygen. 

The effect of caffeine on recovery from activity. Caffeine, in doses in- 
sufficient to produce contracture, causes an increase in the resting rate of 
oxygen consumption of isolated frog’s muscle [Fenn, 1931 ; Saslow, 1937]. 
It was shown by Stannard [1939] that this extra oxidation is under the 
control of the enzyme system which is normally concerned only with the 
oxidation associated with activity. This conclusion can be tested by finding 
whether the oxidative recovery of a caffeinized muscle is abnormally slow. 



Fig. 8. The effect of caffeine on activity oxygen consumption. A 7 , normal untreated. A t 
after treatment with 0'02% caffeine. B, 0 03% caffeine. C, 0-04% caffeine. Duration 
of tetanus in every case 0-2 min. 


If the enzyme system responsible for oxidative recovery is being partially 
saturated by substrate supplied by the action of caffeine, then there must 
be less latitude for increase produced by stimulation. It is, therefore, of 
interest to examine the time course of the activity oxygen consumption 
of stimulated caffeinized muscle. 

The muscles are soaked for at least 12 hr. in plain Ringer s solution. 
They are then imm ersed for 30 min , in the caffeinized Ringer s solution, 
this time should be long enough to allow diffusion of the caffeine to all parts 
of them. The results of 0-2 min. tetani with different concentrations are 
shown in Fig. 8. After treatment -with a smaller concentration of caffeine 
(0-02%) the maximum rate of extra oxygen usage due to activity relative 
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to the total consumption due to activity is abnormally small. This 
maximum rate is maintained for about 15 min . and is, in fact, the maximum 
possible rate, as can be confirmed by demonstrating the impossibility of 
increase by further stimulation. With higher concentrations of caffeine 
the ma ximum rate of extra oxygen consumption due to activity becomes 
smaller. With 0-04% caffeine recovery from a 0-2 min. tetanus is so slow 
that it cannot be followed accurately. It was under such conditions that 
Hartree & Hill [1924a] and Saslow [1937] discovered an absence of delayed 
heat following stimulation. With concentrations greater than about 
0-04% the muscle develops a contracture. 

It would be interesting to ascertain whether, at any given caffeine 
concentration, the sum of (a) the maximum possible extra rate of oxygen 
consumption due to activity and ( b ) the resting rate, is constant and equal 
to the same quantity in a normal muscle. Accurate experiments, however, 
on these lines are impossible on account of the continuous decline in the 
value of the resting rate of oxygen uptake with a given concentration of 
caffeine. 


The respiratory enzyme system and recovery from activity 
Sodium azide. There are numerous reasons for believing that the 
activity respiration of muscle occurs with the participation of enzymes of 
the cytochrome complex. One of the chief of these reasons is that certain 
drugs, known to have an affinity for cytochrome oxidase, possess the power 
of inhibiting the activity oxygen usage of muBcle. It is important to stress 
that this only applies to activity oxygen consumption, for Stannard [1939] 
has shown that resting oxygen consumption cannot be inhibited by sodium 
azide, although this substance is capable of putting cytochrome oxidase 
out of action and of inhibiting activity oxygen consumption. Stannard 
has investigated the action of concentrations of azide insufficient to cause 
total inhibition. When the concentration in the Ringer’s solution is reduced 
to ilf/100,000 he finds that there is no inhibition. With concentrations 
between this and M/1000 the inhibition increases in such a way as to 
indicate the existence of a true stoichiometric equilibrium between the 
azide and the respiratory enzyme (presumably cytochrome oxidase), in 
which one molecule of the azide combines with one molecule of the enzyme. 

It is of interest, therefore, to investigate the effect on the time course 
of activity oxygen consumption of concentrations of azide between 
M/100,000 and M/1000. 

The sartorii of a frog, previously soaked overnight in oxygenated 
Ringer’s solution, were put into the azdde-Ringer mixture for about 20 min. 

ph. xcvm. t 

io 
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before use. Tbe oxygen consumption was then determined as usual after 
0-1 min. tetanus. The muscles were then taken out and soaked in a solution 
of different strength. The process could be repeated a number of times 
using different concentrations of azide. Owing to the permanent presence 
of the resting oxygen consumption, the muscles remained in excellent 
condition, even with the higher concentrations of azide. In Fig. 9 are 



Fig 9 The effect of sodium azide on activity oxygen consumption. N, normal untreated. 
A, after soaking in 4//60,000 azide; B, il/ 25,000 azide, C, M/ 20,000 azide; D, jl// 16 , 00 U 
azide. All taken with one muscle. At each concentration the duration of tetanus 
0 2 mm and the total oxygen used for recovery is the same With concentrations o 
azide ilf/25,000 and higher the rate of oxygen consumption is constant (the maximum 
possible) for at least 20 mm. 

shown the curves for oxygen consumption with concentrations of azide 
varying from M/50,000 to M/15,000. A normal curve is included for 
comparison. With the higher concentrations of azide the recovery is not 
complete for a very long time; with M/15,000 not for 3 hr. The recors 
were not usually observed after 30 min., and in order to proceed wit t e 
series at a different concentration the recovery was hastened b} soa g 
the muscle at room temperature in pure Ringer’s solution. It is importan 
to be certain that complete recovery has occurred before commencing e 

next run: if this is not done, the activity oxygen usage will eapparen y 

reduced. 
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With concentrations of azide higher than M/25,000 the rate of oxygen 
consumption following activity is constant for a considerable period ; with 
M/15,000, for example, for 30 min. When the rate is constant, it is the 
maximum possible, i.e. it cannot be increased by further stimulation. 

The rate of oxidative recovery from activity is therefore a function of 
the effective concentration of cytochrome oxidase. The exact quantitutit c 
relation between azide concentration and maximum possible rate of 
oxygen consumption has not been explored. Stannard [1939] has in- 
vestigated the relation between azide concentration and rate of oxygen 
usage by sub-contracture dose3 of caffeine, and there seems little doubt 
of the result. It might be better, however, to deal with the maximum 
possible rate of oxygen consumption rather than the rate produced by a 
given concentration of caffeine (or other drug) ; for only in the former case 
can one be certain that the cytochrome ozidase is being confronted with a 
fixed concentration of substrate — an assumption which is implicit in 
Staun&sd’ s argument. Otherwise confusion may result from the fact that 
the other enzymes taking part (e.g. the dehydrogenases or cozymase) are 
not working to capacity and the degree of saturation will be dependent 
upon the absolute rate of oxidation. 

As mentioned, the relation between the maximum possible rate of 
oxygen consumption and azide concentration has not been investigated : 
the differential volumeter cannot be used effectively for the purpose. A 
constant rate of oxygen uptake is best determined with a muscle immersed 
in Ringer’s solution, so that the composition of the intercellular fluid is 
constant. When azide is present, this is particularly important, because its 
power of inhibition is largely dependent upon pH [Keilin, 1936] being 
much greater in an acid than in an alkaline medium. The reason for this 
is that HN 3 is probably the active agent [Armstrong & Fisher, 1939], The 
dissociation constant of HN 3 at 0° C. is ICr 5 , so that in the physiological 
range of pH the amount of HN 3 , for a given azide concentration, will be 
nearly proportional to the hydrogen -ion concentration: the power of 
inhibition corresponds. 


The changes in pH of an active muscle suspended in gas will be dealt 
with in a subsequent paper: they are due mainly to breakdown and re- 
synthesis of phosphocreatine and to lactic acid formation. Not only will 
the degree of inhibition of cytochrome oxidase vary during the cycle of 
recovery, but the time course of the variation will depend upon the azide 
concentration and the duration of stimulus. In the subsequent paper it 
wdl be shown that, with a given azide concentration, the duration of 
stimulus is the factor determining whether or not lactic acid is formed 
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This is illustrated by comparing the rates of oxygen consumption following 
a 05 min. tetanus of a muscle treated with M/5000 azide. The smaller 
duration of stimulus is sufficient to induce the maximum possible rate of 
oxygen consumption : the only effect of the longer tetanus is to cause the 
appearance of lactic acid. This augments the inhibition of the oxidase and 
increases the rate of production of lactic acid and so on. This vicious circle 
is manifested by a very rapid reduction in rate of oxygen consumption 
following a long tetanus with azide concentration about M/6000. It will 
be shown that unless the duration of tetanus exceeds a critical value 
(which depends upon the azide concentration) formation of lactic acid is 
entirely absent. For the runs shown in Fig. 9 the critical value was not 
exceeded, so that the only pH changes were due to phosphocreatine break- 
down and were therefore to the alkaline side : this does not produce the 
vicious circle referred to. 

By this method, therefore, quantitative results cannot be procured. 
The only accurate way of dealing with the problem is one with the muscles 
in buffered Ringer’s solution. 

Apart from the above-mentioned disadvantage connected with the 
use of azide, there is much to commend its employment as an inhibitor of 
cytochrome oxidase activity. It is soluble, non-volatile, diffusible and the 
muBcle can quickly be freed from it by washing. Its properties, in relation 
to cytochrome oxidase, are well established [Keilin, 1936 ; Keilin & Hartree, 
1939]. It might be thought possible to avoid the complication with p 
changes by using cyanide as the respiratory poison. Although it is 
probable that undissociated HCN is the active agent, the dissociation 
constant is small enough (7-2 x 10~ 10 ) for there to be no appreciable 
alteration of inhibition due to pH changes in the muscle. It is the volatility 
of HCN which renders the use of cyanide impossible, for it distils from the 
muscle to the soda on the wall. To prevent such distillation it would & 
necessary to mix cyanide with the soda so that the HCN concentration was 
the same as in the muscle. It can be calculated that this would require 
the addition of ION cyanide to the soda: this is impracticable because 
the muscle would rapidly lose water by distillation to the hypertonic 


solution. , 

Sodium malonate. Enzymes other than those of the cytochrome complex 
take partin the oxidative reaction chain in muscle : such are the co ermen s 
triphosphopyridine nucleotide and diphosphopyridine nucleoti e, w ic 
are responsible for transferring electrons from hexose p osp a e o e 
“vellow ferment” and to cytochrome c. Little is known a ou o e 
systems, but there is evidence of their existence : for examp e, pyruvic an 
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lactic acids can be oxidized by muscle, and tbe utilization of fuel other 
than carbohydrate is indicated by a respiratory quotient less than unity 
[Gemmill, 1934]. Specific inhibitors of the enzymes for the reactions 
mentioned are not available, and the dependence of the rate of oxidative 
recovery upon these systems cannot be gauged. The action, however, of 
sodium malonate has been investigated: this substance is an inhibitor of 
succinic dehydrogenase, an enzyme noted for its ubiquity , but not known 
to have any function in muscle. The concentration of sodium malonate 
required to produce a reduction in rate of oxygen consumption following 
activity is high, ilf/500 malonate in the Ringer’s solution causes only a 
slight inhibition: as the concentration is raised to ilf/50 the inhibition 
increases and oxidative recovery from activity is delayed. The effect 
becomes more marked with successive runs at one concentration without 
intermediate soa kin g, until activity oxygen consumption may be almost 
abolished. 

The results are interesting, but their significance is doubtful. 

Discussion 

The demonstration of the identity of the time courses of oxidative 
delayedheat production and oxygen consumption carries more significance 
than is immediately obvious. The delayed heat is the sum of the heats 
from two processes, namely the oxidative catabolism (exothermic) and 
the endothermic resynthesis. (The latter is the reversal of the reactions 
which are the source of the initial heat.) It follows that these two processes 
must individually follow the same time course as the oxygen consumption 
(there is the unlikely possibility that the divergence of one is compensated 
by an opposite divergence of the other). In fact there must be rigid 
coupling between the process of resynthesis of phosphocreatine and the 
oxidative reaction which drives it. It is well known that the resynthesis of 
phosphocreatine occurs as a reaction coupled with oxidation of triose- 
phosphate to phosphoglyceric acid (with triphosphopyridine nucleotide 
as coferment) and with the further disintegration of the latter substance, 
yielding pyruvic acid which is ako oxidized. The inference is that activity 
oxygen consumption occurs mainly through these channels. The maximum 
possible rate of oxygen consumption may well be an index of the concentra- 
tion of triphosphopyridine nucleotide, but so many enzyme systems are 
involved that such speculation is to be avoided. 

An alternative means of oxidation of triosephosphate to phospho- 
glycenc acid is afforded by reduction of pyruvic acid to lactic acid with 
diphosphopyndine nucleotide as coferment. This alternative route in 
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relation to recovery from activity will be considered in a subsequent 
paper. 

Tbe experiments with azide strongly suggest tbat the rate of oxidative 
recovery from activity is dependent upon the concentration of cytochrome 
oxidase. It would be of interest to examine the effect of raising the con- 
centration of cytochrome c in the muscle. This member of the cytochrome 
complex can be obtained in a pure state and its molecular weight is such 
as to permit its entry into the cell. It can be oxidized only via cytochrome 
oxidase [Keilin & Hartree, 1938]. Methods could also be devised for 
introduction of an oxidation-reduction system of the ferri-ferro type such 
as methaemoglobin-haemoglobin. This is autoxidizable and of a potential 
approximately equal to that of cytochrome c and might function as a 
substitute. In this way it might be possible to obtain an increase in the 


rate of oxidative recovery. 

The capability of an animal for prolonged heavy effort must be related 
to the rate of oxidative recovery of its muscles and heart. Such capability 
shows great variation from phylum to phylum and species to species and 
is paralleled in the muscular content of cytochrome. The wing muscles of 
an insect are very rich in cytochrome and those of a frog comparatively 
poor. Preliminary experiments have been done on the isolated wing 
muscles of the locust to determine the rate of oxidative recovery from 
activity: results obtained just before the present experiments had to be 
broken off owing to the outbreak of war show that this rate is very much 
greater than with a frog’s muscle at the same temperature. An idea of the 
relative rates of metabolism is given by the fact that the resting rate o 
oxygen usage by the locust muscle is about equal to the maximum possible 
rate of oxygen usage of a stimulated frog’s muscle. In fact the difference 
is probably of the order of a hundredfold ! There is here a wide field for 


research. 

As regards athletic ability and cytochrome content, the mammal comes 
between the frog and the locust (at 37° C.). With this fact in mind the 
results given in this paper may perhaps be used as a basis for estimatm 0 
the difficulty of the parallel problem in warm-blooded muscle. 


Su mmar y 

1. A method of determining the time course of the extra oxygen 
consumption of stimulated frog’s muscle is described. There was a ways 
an excess of dissolved oxygen available in the muscle. 

2. To permit a resolution of phases the metabolic processes are s owe 

by working at 0° C. 
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3. The oxygen consumption occurs entirely after activity. With a 
tetanus of less "than about 20 sec. it is half complete in 6 min. and complete 
in about 30 min. 

4. The time course of oxygen consumption is the same as that of 
oxidative delayed heat under the same conditions. The significance of this 
is discussed. 

5. The time course of oxygen consumption depends upon the duration 
of stimulus. The greater the duration the more delayed is the oxidative 
recovery. This fact only becomes apparent if the duration of tetanus 
exceeds about 20 sec. 

6. As a corollary to 5, there is found to be a maximum possible rate of 
oxvgen consumption which depends upon pH but is not determined by the 
rate of diffusion of oxygen. 

7. Consistent with this is the action of caffeine on the time course of 
activity oxygen consumption. 

8. By means of sodium azide it is possible to inhibit the action of 
cytochrome oxidase to any extent desired and correspondingly to decrease 
the rate of recovery from activity. 

I should like to thank my father, Prof. A. V. Hill, for his encouragement and advice 
given frequently during the progress of this research. I should also like to acknowledge 
my indebtedness to Prof. D. Keilin for introduction to the use of sodium azide. Financial 
aid was derived from a Koval Society Government grant. 
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ce rate at which alcohol is oxidized in the body is measured approxi- 
ttely by the rate at which it disappears, since the proportion excreted 
small and regular; and the rate at which it disappears is equal to the 
dy weight multiplied by the rate of change of concentration in the 
Lole body. In man, however, the rate of change of concentration can 
measured only in the blood. Hence, it is of importance to know the 
ation between the concentration in the blood and the concentration 
the whole body at the same moment. If this relationship is not reason- 
y constant, the extent and time relations of any variation must also 
known. 

The proportion of the body in alcohol equilibrium with the blood 
. the mean concentration in the whole body expressed as a fraction of 
1 blood concentration) has been designated r by Widmark [1932] and 
erived from the change in blood alcohol concentration in the following 
nner (see Fig. 2). The straight line joining the experimental points is 
rapolated back to zero time, giving the theoretical initial concen- 
tion in the blood (C 0 ): the amount of alcohol injected and the weight 
;he subject are measured; then 

alcohol injected (g.) 

~ body weight (kg.) x C 0 (mg./g.) ' 

j metabolic rate of alcohol is, therefore, r multiplied by the rate of 
rease in blood alcohol concentration (designated /? by Widmark). 

This value r, and the metabolic rate calculated from it, are intimately 
endent on the line extrapolated from the blood alcohol curve and 
refore on the regularity of the experimental points from which that 

Working under a grant from the Rockefeller Foundation to tho 3Iaudaley .Mental 
pitaL 
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curve is constructed. Moreover, tlie assumption is implicit that the blood 
is in equilibrium with the same proportion of the body tissues throughout 
the experiment, and it might be expected that the same individual 
should show the same value of r during different experiments performed 
within a short interval of time. In most of the work published, in which 
Widmark’s [1922] micro-method of alcohol estimation is used, these 
conditions are not fulfilled. Irregularity in the experimental points of 
the blood alcohol curve renders extrapolation of any straight line drawn 
through them a dubious matter, and, possibly because of this, the value 
of r for any individual varies within quite wide limits, e.g. 0-52-0-G7 in 
man [Bernhard & Goldberg, 1935] and O’T-OB in the dog [Widmark, 1933], 
Some factors, other than analytical, affecting the regularity of the 
decrease in blood alcohol concentration have been suggested by various 
workers. It seems likely that analysis of venous blood gives less regular 
results than that of arterial blood, presumably because the circulation 
in some tissues is less effective than in others, and since these tissues 
(e.g. muscle) are not using alcohol, blood which has lingered there will 
contain a higher concentration of alcohol than blood in the general 
circulation which has passed through the liver. The same explanation, 
extended possibly to the spleen, covers the observations of Nyman & 
Palmlow [1931], who found that in subjects who had been completely 
resting, renewed activity actually produced a slight increase in the con- 
centration of alcohol in the blood instead of the expected decrease with 
the passage of time. In addition, the decrease in the concentration of 
alcohol in the blood is a result not only of its metabolism but also of its 
excretion. In the present series of experiments, excretion in the urine 
accounted as a rule for 1^-2 % of the alcohol injected, occasionally 
rising as high as 31 % and no correction in the value of was considered 
necessary. 

In view of the importance of this factor r in the measurement of the 
metabolic rate of alcohol, experiments were designed to test the validity 
of its derivation from the change in blood alcohol concentration, and its 
constancy in any one individual 

Methods 

Cats were used as experimental animals, and were given only water 
or the 18 hr. previous to experiment. They were anaesthetized with 
nembutal, given intraperitoneally (0-65 c.c./kg.), and thereafter main- 
tamed at constant body temperature ±0-5° C. Alcohol was usually 
injected, intravenously in 5, 10 or 20 % solution in saline into the jugular 
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vein at a rate varying from 40-200 mg. /min. Blood samples were 
removed from the carotid artery. The blood, collected in tightly stop- 
pered tubes with oxalate, was placed immediately at 0° C., centrifuged 
within a few hours, and the plasma returned to the refrigerator until 
analysis the following day. If kept in tightly stoppered small vessels, 
no appreciable loss of alcohol occurred during several days at 0 C. 
Musoles were removed after ligature, ground immediately (after being 
weighed) with a measured volume of cold 10 % trichloroacetic acid, and 
the mixture left at 0° C. in a stoppered centrifuge tube until centrifuged 
before analysis. In some cases they were first frozen in liquid air on 
removal from the body, a procedure always followed in the case of liver, 
which was removed at the end of an experiment. 

Analysis of the alcohol content was then made on 1 c.c. plasma or 
on 1 c.c. acid filtrate of the tissues, in the following manner. The metho 
used was based on that described by Newman [1936], but altered in 
certain details. In essence, the alcohol is distilled under reduced pressure 
from the plasma mixed with anhydrous Na 2 S0 4 into a standard Kj,Cr 2 0 7 
mixture, the excess of K 2 Cr 2 0 7 being titrated with thiosulphate. 
In practice, standard conditions are found essential at many points or 
accurate recovery. (1) An excess of anhydrous NagSO^ is used to proven 
frothing (a crude preparation should be used, since the a.r. materia 
supplied by British Drug Houses Ltd. is not sufficiently finely dispersed 
for the purpose), and the plasma is added to it only shortly b or 
analysis. (2) The tube connecting the distillation flask with the receiving 
tube is both dry and tilted downwards towards the receiving vessel. 
(3) The distillation flask is maintained at 50-55° C. at a pressure o 
40-G0 mm. Hg for 10-15 min., and the connecting tube then gen J 
warmed before the vacuum is broken. An ordinary reading lamp on an 
adjustable stand suffices for this purpose. With a battery of six sets 
apparatus connected with the same vacuum pump, the w ’ o e 
estimations could be completed and the apparatus reassemb c 
11 hr. No speoial apparatus is required beyond 25 c.c. Pyrex r enmey 
flasks and 15-20 c.c. Pyrex collecting tubes, together with suitaDi 
two-way taps on each for adjusting the pressure. Rubber cor s are 
and the connecting tube is joined in the middle with or “7 r 
tubing. The receiving flask contains 5 c.c. N/ 20 ILjCrj 7 m o Jo * 
and is titrated against N) 40 thiosulphate of which 1 c.c. 18 
0-287 mg. alcohol. The technique described is adequate or e 
of 0-280 mg. alcohol, 100 c.c. pl.sooa Th. 
watery solution or plasma, is complete, and the dis P 
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The relation between alcohol concentration 
in the tissues and in blood plasma 
Following an intravenous injection of alcoliol mto the body^eq 
tan between muscles and blood is reached only aft r ata 30 non. 
(Fig 1). The time course of the alcohol concen raio £° 

gel, however, that equilibrium in the whole body nr not complete tor 



Time after end of intravenous injection of alcohol 


Fig. 1. The rate of equilibration between skeletal muscle and blood plasma following an 
intravenous injection of alcohol, as determined by direct analyses of the two tissues. 
The 100 % value is tn Von as the average equilibrium value obtained 1—0 hr. after an 
injection. 


over an hour (Fig. 2); this difference may well be due in part to the delay 
which is known to occnr in the establishment of equilibrium between the 
blood and cerebro-spinal fluid [Abramson & Linde, 1930]. When equili- 
brium has been reached, all the tissues analysed, with the exception of 
fat, show a concentration of alcohol 70-80 % of that in the blood plasma 
(Table I). If liquid air was not used in killing the tissue, a considerably 
lower value (55-65 °/ 0 ) was obtained with liver, as recorded in previous 
literature. No such difference was observed in the case of muscle. This 
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is to be expected in view of the discovery that at least 90 % of the 
metabolism of alcohol occurs in the liver and none in the muscles 
[Lundsgaard, 1937]. 



Fig. 2. The alcohol concentration in blood plasma following an intravenous injeotion o 
alcohol, showing Widrnark’fs method of determining the factor r and thus the metabolio 
rate. Equilibrium between tissues and blood is not complete until ca. hr. after the 
end of the injection. 

Table L The relation of the concentration of alcohol in tissues 


to that in 

plasma after equilibrium 

is established. 



Batio of concen- 
tration of alcohol 
in tissue to that 


No. of 
observations 

Tissue 

in plasma 
(per g. of tissue) 

Standard 

error 

Skeletal muscle 

0-74 

±0-007 

20 

Liver 

0-73 

±0-02 

5 

Kidney 

0-77 

±0-01 

4 

6 

o 

Intestine 

0-765 

±0-01 

Spleen 

0-8, 0-81 

— 

A 

Brain 

0-785 

±0-01 

8 

Fat 

0-16 

±0-03 
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The low value for fat, corroborating previous workers, was un- 
changed whether the alcohol was estimated directly by distilling the fat 
under reduced pressure, or by previous extraction with water or trichloro- 
acetic acid and distillation of the watery extract. It is stated in the 
literature [Smith & Stewart, 1932] that hone also contains little alcohol 
as compared with the blood, and the varying proportions of hone and 
fat in different individuals would readily explain the widely differing 
values of r observed by the indirect method. 

With a view to determining the constancy of r during any one experi- 
ment, muscles were removed at varying times'. The ratio of the con- 
centration of alcohol in muscle and plasma remained appreciably 
unchanged for 6 hr. or so after equilibrium had been reached, and was 
also unaffected by the absolute concentration of alcohol in the body 
(Table II). A similar constancy of the ratio of the concentration of 


Table IL The relation of the concentration of alcohol in muscle to that in plasma, (A) at 
varying times after the injection, and (B) at varying concentrations of alcohol. 


Time after 
alcohol injection 
hr. 


0 - 5-1 

1-2 

2 - 3 

3 - 4 

4- 5 

5 - 6 

6 - 7 


Alcohol 
concentration 
mg./lOO c.c. 
100-200 
200-300 
300 


A 

Ratio of concentration of 
alcohol in muscle to that 
in plasma 
(per g. of tissue) 

0-715 + 0-02 (0) 

0-70 ±0-02(5) 
0-725 + 0-02 (5) 

0-74 ±0-02 (8) 

0-76 (1) 

0-76 (1) 

0-75 +0-02 (8) 


Ratio of concentration of 
alcohol in muscle to that 
in plasma 
(per g. of tissue) 

0-75 + 0-02(10) 
0-725±0-01 (16) 
0-715 ±0-02 (8) 


alcohol in both brain and liver tissue to that in the blood during |~12 hr. 
following a dose of alcohol was observed by Harger, Hulpieu & Lamb 
[1937] in dogs. 


Assessment of the metabolic rate of alcohol from, 
changes in the 'plasma, alcohol concentration 


From these direct analyses, one would expect the values obtained 
by mibrect assessment of r to lie between 0-2 and 0-8, lean muscular 
individuals showing a higher value than obese ones. This is in fact the 
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case. Average figures obtained by Widmark [1933] were 068 for men and 
0-55 for women. In the present series of cats, r varied from 0-48 (a very 
large, fat cat) to 0-78 (a young, muscular one) with an average value of 
0-59 + 0-02 1 . These values are not strictly comparable with those of 
previous workers since the terms ft and r are used in a slightly different 
manner from that introduced by Widmark. /?, the decrease in alcohol 



Fig. 3. The concentration of alcohol in blood plasma following two separate intravenous 
injections of alcohol, showing the identity of r in the two cases. 


concentration in the blood, is expressed as mg./c.c. plasma/min. instead 
of mg./g. blood/min., and r is the proportion of the body in equilibrium 
with the blood plasma instead of with the whole blood. Alcohol con 
centration is 10-20 % higher in the plasma than in whole blood (in man, 
[Miles, 1922]) and the value of r as used in this series of animals is, 
therefore, possibly 10-20 % lower than that of Widmark. 

If the large variations of r in any one individual noted by other 
workers are real, the question of the time factor of this variation becomes 
of importance, for obviously if r varies from hour to hour the w 10 e 
method of assessment of metabolic rate from changing concentration o 
alcohol in the blood is suspect. In twenty animals (nineteen cats, one 

1 s.E. of mean is given here and elsewhere in the paper. 




METABOLIC BATE OF ALCOHOL 235 

dog) r was determined twice, a second alcohol injection being given after 
the first value of r had been obtained, as shown in Fig. 3. In no pair of 
values on the same animal was a difference greater than 0-035 observed. 
The second determination was higher than the first in nine animals, 
lower in seven, and the same in four: the mean difference between the 
second and the first value in each of the animals being +0-003 ±0-004. 
The standard deviation from the mean of the difference between any 
pair of determinations is ±0-018, and it seems unlikely that the errors 
involved in the whole experimental technique would be less than this. 


Assessment of the metabolic rate of alcohol by constant infusion 
The reliability of the assessment of the metabolic rate of alcohol 
from the observed value of fi and inferred value of r was subjected to a 
further test. The procedure shown in Fig. 2 was adopted in the first half 
of the experiment, so that the metabolic rate could be calculated in the 
usual way; a constant intravenous infusion of alcohol was then given 
over a period of hours, at a rate calculated to equal approximately the 
metabolic rate. The infusion apparatus used was a 20 c.c. syringe oper- 
ated by a screw, driven by a geared motor. In the first experiment, in 
which 1-9 g. alcohol/kg. was injected into a 2-62 kg. cat, r was 0-655 and 
8 0-0047 in the hour preceding the constant infusion, at which time the 
plasma alcohol concentration was 149 mg./lOO c.c. The calculated meta- 
bolic rate was thus 186 mg./kg./hr. The infusion which followed (5-5 c.c./ 
hr. of 8-5 % alcohol in saline) was 179 mg./kg./hr. After 3 hr., the plasma 
alcohol concentration had risen by only 2 mg./lOO c.c. This difference 
is within the limits of experimental error of the method, but supposing 
it to be real and the additional 2 mg./lOO c.c. distributed throughout the 
body, then 20 mg./kg. of the alcohol infused remained unmetabolized 
during 3 hr., or 7 mg./kg./hr. The metabolic rate, therefore, lay between 
172 and 179 mg./kg./hr., and the metabolic rate assessed from the 
decrease in plasma alcohol concentration was 4-8 % higher than the 
true value. 


In a second experiment of the same nature, the plasma alcohol 
concentration rose from 130-132 mg./lOO c.c. over a period of 3J hr 
indicating the accumulation of about 6 mg./kg./hr. During this period’, 
154 mg./kg./hr. had been infused, and the metabolic rate lay, therefore’ 
between 148 and 154 mg./kg./hr. Values of 0-59 for r and 0-004 for 8 
obtamed earlier in the experiment yielded a value of 141 mg /kg /hr 
In this case, therefore, the assessed metabolic rate was 4-8 % lower than 
the true value. In view of the errors, both physiological and chemical, 
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involved in such experiments as these, the results may be accepted as 
evidence that the value obtained by indirect assessment of metabolic 
rate is a fair approximation to the true value. 

Discussion 

The average ratio of the concentration of alcohol in the tissues 
examined (other than fat) to that in the plasma is about 0-76, and the 
average value of r, assessed from changes in plasma alcohol concentration, 
0-59. It has been assumed that this latter value is what one might expect 
for the whole body, since the concentration of alcohol at any time is 
considerably less in bone and fat than in the other tissues ; but no attempt 
has so far been made to correlate the two values quantitatively. This 
cannot be done with any accuracy, but an approximate calculation 
made from the data in Table I and the average proportion of the different 
tissues in the human body [Vierordt, 1893] yields a value of 0-6. This 
figure is also of the same order as that obtained by Widmark [1932] for 
men, 0-65-0-6 (when due allowance is made for the difference in con- 
centration of alcohol in plasma and whole blood), from changes in the 
concentration of blood alcohol. 

Observed values lower than 0-6 are readily understandable, for the 
body weight can be increased very considerably by the simple addition 
of fat, but higher values, as e.g. the maximum observed of 0-78, are more 
difficult to interpret. This particular value was obtained (by two separate 
determinations) in a 2 kg. kitten, and the two other values encountered 
above 0-7 (0-72 and 0-74) occurred also in young lean cats. Two possible 
factors may be concerned in the production of these high values. In the 
first place, the proportionate weight of the different tissues varies with 
age, and on the balance, tissues which contain a higher concentration o 
alcohol may predominate in the young. In the second place, the cats 
used (13) for the tissue analyses in Table I were larger than the average, 
and since fat is deposited to a greater or less extent in all tissues, the 
ratios obtained may be lower than would have been the case if young 
lean cats had been used. On the whole, the evidence available suggests 
that the values obtained by indirect assessment of r are compatible with 
the directly determined concentrations of alcohol in the tissues. 

Although the evidence presented here suggests that r is a constant 
in any individual (apart from gross variations in body weight), a stu y 
has not been made of possible long term variations. It is di cu t . 
imagine that the proportions of different tissues change materia y m 
an animal of constant weight, or that variations in the value o r co 



237 


METABOLIC RATE OF ALCOHOL 

occur in the absence of such changes. Yet Widmark [1932] has noted 
that the raised metabolism of alcohol present in fever is due entirely to 
an increase in the value of r. He gave no details of possible changes in 
body weight, hut the increase in r was too large (012 in one subject) to 
he readily accounted for by loss of body fat in the course of a few days. 
In the present state of knowledge, therefore, the possibility of relatively 
large changes in r occurring in normal healthy individuals and caused 
by some factor or factors unknown, cannot be dismissed. 

Summary 

1. A method is described for the estimation of alcohol in 1 c.c. of 
plasma or trichloroacetic acid filtrate of tissue, yielding full recovery, 
with an error of + 1 mg./lOO c.c. 

2. Following an intravenous injection of alcohol into cats under 
nembutal anaesthesia, direct determinations on muscle and plasma 
indicate that equilibrium between them is established only after 30 min. 
From the shape of the blood alcohol-time curve, it would appear that 
complete equilibrium throughout the body is established only after 

1-11 hr- 

3. When equilibrium is established, most tissues in the body contain 
70-80 % of the concentration of alcohol present in the plasma. Fat 
contains only 10-20 %. 

4. This equilibrium value between muscle and plasma is unaffected 
by the absolute concentration of alcohol, or by the passage of time 
(6 hr. or so). 

5. If the alcohol concentration in the whole body, expressed as a 
fraction of that in the plasma (which is a modification of Widmark’s 
factor r) is estimated indirectly it is found to remain constant in any one 
animal, though it varies widely from one animal to another (0-48-0-78 
in the present series), presumably owing to the widely varying proportion 
of fat in the body, 

6. Assessment of the metabolic rate of alcohol from the modified 
factor r and the observed decrease in the concentration of alcohol in the 
plasma agrees, within the limits of experimental error, with the direct 
measurement of metabolic rate (constant infusion method). 


PH. XOVUI. 
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Most of the older -work on. the metabolism of alcohol was concerned 
p rimaril y with its concentration in the blood and the factors affecting 
the rate of change in this concentration. With W idmark s introduction 
of a method for assessing the actual metabolic rate of alcohol from its 
rate of change of concentration in the blood, greater attention has been 
paid to the more fundamental question of the factors affecting the 
metabolic rate. With rare exceptions, however, the results obtained by 
different workers are conflicting: there is as yet no unequivocal answer 
to the apparentlv simple questions: Is the metabolic rate of alcohol 
affected by its concentration in the body ? Is it increased in the “tolerant” 
subject l Or by exercise l Or by the taking of food? One major difficulty 
in experiments designed to answer such questions is the fact that different 
individuals vary so greatly amongst themselves in the rate at which they 
metabolize alcohol. Either large numbers of control and experimental 
animals have to be used, therefore, and the results treated statistically, 
or the same animal has to be used for both control and experimental 
purposes. 

for 

been considered by various workers [Widmark, 1935; Lang & Schlick, 
1936], but no obvious connexion has been found. Men are known to 
metabolize alcohol faster than women on the average [Widmark, 193>] 
and damage to the liver is associated with a reduction in the metabolic 
rate (see discussion later). Apart from these observations, however, no 

> Working under a grant from the Bockefefler Foundation to the Msndsfev Mental 


The possibility of variations in the distribution of hormones accounting 
some of the differences observed in the metabolic rate of alcohol has 


16—2 
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systematic work has been done in attempting to assess the fa< 
responsible for the large variation in the metabolic rate of ale 
encountered in diff erent individuals. The results presented below r< 
sent an attempt to determine the effect on the metabolism of alcoh 
(1) the concentration of alcohol, (2) the size of liver, (3) previous fee 
with alcohol, and (4) the amino acid, alanine. 

Methods 

The present work has been done mainly on cats, under neml 
anaesthesia, and the general physiological and chemical techniques 
have been already described [Eggleton, 1940]. 


Results 

Concentration of alcohol 

In spite of the reiteration by many workers that the decrease ii 
concentration of alcohol in the blood with time is linear, and the n 
bolic rate of alcohol therefore independent of its concentration, t 
are several hints in the literature that this is not strictly true. Hag 
& Greenberg [1934], working with dogs, concluded that the meta 
rate is directly proportional to the concentration. Their technique is ' 
to doubt, however, for calculation of r (by Widmark's method) f 
values of 0-93 and 1-1 in two of their four experiments. This latter v 
indicates a concentration of alcohol in the whole body higher Han 
in the blood, and is contrary to the results of all other workers. Newi 
Lehman & Cutting [1937] gave doses of alcohol to dogs, covering a 1 
range of concentration, in the blood, and found a more rapid ecrea 
the higher levels than at the lower. In spite of this they maintained 
the rate of decrease was linear in every case, and were at a loss to re 
cile the two sets of observations. Again, Elbel [1937] quotes two e 
workers from his laboratory finding a greater rate of metabolisn 
human subjects after larger doses of alcohol. Most wor ers on 
subjects, however, are content with the linear hypothesis ecause 
work is concerned with such a small range of concentration o 
in the blood, and frequently also because the scatter of t e expenm 
points about the straight line is such that a small change m s ope 

present series of events, in tvbicl ~ 

ti „„s in tie plasma of NM00 mg./lOO c.c. were covered, tier. 
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unmistakeable relationship between alcohol concentration and metabolic 
rate. The experiments on which this statement is based were of three 
kinds. 

Comparison of the metabolic rate at two iviiely varying concentrations 
induced by two separate injections of alcohol. This type of experiment is 
illustrated in Fig. 1 and was performed on fifteen animals (one dog, nine 
normal and five “ tolerant” cats). The magnitude of the change in meta- 
bolic rate with increasing alcohol concentration in the plasma can be 



Fig. 1. The concentration of alcohol in blood plasma following two separate introyenouB 
injections of alcohol, showing the faster rate of metabolism at the higher con- 
centration. 


seen in Fig. 2, in which the results of all the experiments are shown. In 
several experiments, intermediate values between the two extremes 
recorded in the figure were obtained. The same relationship between 
concentration and metabolic rate was seen in all, but they have been 
omitted from the figure for the sake of clarity. Above 20 me /100 c c an 
° £ ™ “8 -AOO ox. in pla.ma aIcohol concentration',™, aST 
pamed on the average by about a 30 % increase in metabolic rate. In 
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two experiments in which concentrations below 20 mg./lOO c.c. were 
studied (values not recorded in Fig. 2), the change in metabolic rate was 
considerably greater than this, a result co nfir med in other types of 
experiment. 



mg. alcohol/100 o.c. plasma 


Fig. 2. The relationship between the metabolic rate of alcohol and its concentration in the 
plasma. Each pair of values represents the results obtained on one animal, by means 
of two separate injections of alcohol. 


Measurement of the metabolic rate over long periods following a single 
injection of alcohol. The observations of Haggard & Greenberg [1934], 
of a 17 % decrease in metabolic rate per hour, could not be confirmed. 
There was a gradual reduction in the value of /3 with decreasing con- 
centration of alcohol, as can be seen from the results summarized m 
Table I, but this was so small that over any period of 2-3 hr. the rate of 
decrease in plasma alcohol concentration appeared to be constant. The 
change of metabolic rate with changing concentration of alcohol is of 
the same order of magnitude as that observed in the experiments quoted 
above. The last experiment listed in Table I demonstrates the greater 
degree of change of metabolic rate with changing concentration of 
alcohol at a low plasma alcohol concentration. 
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Table I. Eolation of metabolic rate of alcohol to its concentration 
in the plasma, following a, single injection 


Exp. 

r 

Dog 11-5 kg. 

0-585 

Cat 3-75 kg. 

0025 

Cat 2-25 kg. 

0-74 

Cat 2-85 kg. 

0-58 


Time hr. 

Alcohol 

concentration 

after end 

in plasma 

of injection 

mg./lOO c.c. 

1-6 

200-300 

6-12 

100-200 

12-10 

40-100 

10-18 

20-40 

1-5 

220-290 

5-S 

170-220 

1-2 

280-310 

2-6 

210-280 

6-10 

150-210 

1-3 

30-60 

3-4 

15-30 

4-5 

5-15 


Metabolic 


P 

rate 

mg./c.c./min. 

n'g./kg.j 

0-00315 

110 

0-0026 

90 

0-00245 

84 

0-00205 

70 

0-0031 

118 

0-00285 

108 

0-0044 

100 

0-0033 

147 

0-00245 

100 

0-00275 

06 

0-00215 

75 

0-0015 

52 


a 

a 3o' 


2=- 20 
o 

J3 
8 
"3 


E 


Continoom infusion 320 j- 


of alcohol 










U- 


310b 


300t- 


+ 

290 i- 
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Alcohol intravenously Time ( hr ^ 

^■g- 3. The effect of a constant intravenous infusion of alcohol l 

2T “r • + ~ + ££!$££ 

■ * =mfosion at a rate of 455 mg./kg./hr. into a 3^1 tT * ™ 3-25 kg ’ 

concentration of alcohol shown in the right half of the A 1 ^ The merea »ed 
intravenous injection of 7-2 g. alcohol in the first experiment 7-^5 “ second" 

Comparison of the metabolic rate at widely vartnnn 
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alcohol was then given in order to establish a high concentration in the 
body, and when equilibrium had been established, the infusion was 
continued at the same rate as before. 

The infusion was given intravenously, from a 20 o.c. syringe operated by a screw driven 
by a geared motor. In the first experiment, a 7 % solution of alcohol was delivered at a 
rate of 3-65 c.o./hr.; in the second experiment, a 8-3 % solution at 6-5 o.o./hr. 

It can be seen from Mg. 3 that in both experiments the metabolic 
rate at the high concentration of alcohol was greater than the infusion 
rate and less at the low concentration. Approximate values of r obtained 
from the second half of each experiment, 0 - 6 and O' 65 respectively, 
enable the actual metabolic rates to be calculated. They were as follows. 



Alcohol concentra- 

Metabolio rate 


tion in plasma 

of alcohol 

Exp. 

mg./lOO c.c. 

mg./kg./hr. 

1 

2-6-7-S 

70 


300 

140 

2 

2-5-11-5 

75 


11-5-22 

120 


300 

165 


It is clear that at 0 mg./lOO c.c. the metabolic rate must be 0, but 
above this value it rises very rapidly until a concentration of ca. 10 mg./ 
100 c.c. is reached, and thereafter more slowly. At the lowest blood alcoho 
concentrations investigated the metabolic rate was already 70-75 mg./ 
kg. /hr., and it seems likely that the rate is limited up to these concen 
trations by the rate of blood flow through the liver. If, for example, 
the whole of the alcohol content of each unit of blood were removed y 
the liver, then the observed metabolic rate of 70 mg./kg./hr. would e 
obtained at 10 mg./lOO c.c. by a blood flow through the liver of 37 c.c./ 
min. — a reasonable figure for a cat [McMicbael, 1938]. 


The question arises as to whether the relationship between metabolic rate an a co 
concentration invalidates the assessment of r, which is obtained by assuming a ear r® 
of decrease in blood alcohol concentration during the first few hours of an expenme 
whereas in fact a much higher concentration exists during the first hour following an in 
venous injection than during the subsequent period. It is probable that t e me 
rote is faster during this time and that the initial concentration obtained y extrapo 1 
of the blood alcohol curve to zero time is fictitiously low. Conversely» w en ? 
ingested, its concentration in the body before absorption is complete an . 

attained is lower than in the later stages, and the assessed initial con centra ion 10 
high. The error involved is, however, likely to be of small magnitu e, an expen 
shows it to be of no practical importance. In two animals, one dose o & co o was give : 

and the other intravenously; in one case, r was identical for the two motions 
(OfiS), and in the other, values of 0-64 and 0-62 were obtained. 
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In all of the foregoing experiments, the effect of concentration of 
alcohol on its metabolic rate has been studied in individual animals only. 
When the metabolic rates of different animals were compared, however, 
it became apparent that no clear-cut relationship between metabolic 
rate and alcohol concentration could be demonstrated statistically. This 
is scarcely surprising, in view of the wide variation in metabolic rate 
encountered in different animals, as shown in Tig. 2. The relationship 
observed in any one animal was masked by some factor or factors varying 
in diff erent animals, of which one was the actual body weight. The 
metabolic rate of alcohol tended to be lower in the larger animals. 


Liter 


A rather clearer picture was obtained when the results were expressed 
in terms of body surface instead of body weight, but this correction 
failed to bring into line with the rest certain animals having very small 
livers. When the results were expressed in terms of liver weight, how- 
ever, the quantitative relationship between metabolic rate and alcohol 
concentration was apparent. The first series of cats used (London) 
ranged in weight from 1-75 to 4-5 kg., and their livers from 1-4 to 3-7 % 
of the body weight, with an average value of 2-3 ± 0-1 % x (16). In general, 
the larger animals had a smaller proportion of liver than the smaller 
animals, but a definite relationship could only have been established if 
a much larger group of animals had been studied. 

In a second series of cats used (Cardiff), in which the body weight 
ranged from 2-0-3-1 kg., the liver weight varied between 3-0 and 4-25 % 
of the body weight, with an average value of 3-4 ±0-1 % (11). This 
value is significantly higher than that of the London cats, and the factors 
concerned in producing such a difference are a matter of conjecture onlv* 
But the difference itself has served to emphasize the fact that the 
metabolic rate of alcohol is correlated more closely with liver weight 
than with body weight. All the results obtained on these normal wits 
and on two dogs are shown in Tig. 4, together with those of two cats 
suffering from jaundice. 


The lower rate of alcohol metabolism in animals suffering from jaundice is not surprising 
In the experiments quoted in Fig. 4 the liver seas of normal size, and the metabolic rate of 
tricohol was abnormally low by any criterion-liver weight, bodv weizht or bodv surfhee 

beea obta5n!d kr Envtonan & Heeler [1933] in' human subjects, in 
bnthacute and chronic liver damage and by Oelkers [193S] in rabbits suffering from 
experimental liver damage. 6 


1 s.m of mean is given here and elsewhere in the paper. 
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In experiments on intact animals and man it is obviously impossible 
in our present state of knowledge to express results of alcohol meta- 
bolism in terms of liver weight, and until some method is found for 
assessing liver weight in vivo, it would seem as accurate to retain the 
body weight criterion as to express the results in terms of body surface. 



mg. alcohol/100 c.c. plasma 

Fig. 4. The relationship between metabolic rate of alcohol per unit 
liver weight, and plasma alcohol concentration. 


“Tolerance” 

An attempt was made to induce “tolerance to alcohol in sixteen 
cats. The sole source of food was milk containing 5 % alcohol (by weig t) 
which was left overnight with the animals. The alcohol concentration 
had fallen to about 4 % by the morning, and the alcohol consumed was 
calculated on an average figure of 4-5 % in the milt dxun '. ntr ° 
animals kept in captivity under the same conditions were e on mi 
with occasional scraps of meat. Nine of the sixteen anima s re use 
touch the drink and after steadily losing weight for a few a} s 
returned to normal diet. Three of these showed either jaundice or 
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obviously diseased liver when used later for experiment, as did also three 
of the remaining seven which had consumed alcohol in varying amount. 
Of these seven, the highest consumption reached was 3-5 g./kg./day 
i.e. the equivalent of a bottle of whisky a day to a man — for 40 days. 

Of the seven animals which consumed alcohol in varying amount 
(0-5-3-5 g./kg./day) and for varying times (13-52 days), two maintained 
their body weight (one of which was the heaviest drinker of them all), 
but the remaining five lost, from 5 to 28 % of their body weight during 
the course of the alcohol feeding. Of the three of these found to be 
suffering from jaundice at the time of experiment, two had been light- 
drinkers (0-5 g./kg./day). The average liver weight of the seven was 
3-4 + 0-3 % of the body weight. These animals were used under the same 
conditions as the controls having an average liver weight of 2-3 + 0T % 
of the body weight; thus, there would appear to be a significant increase 
in liver weight as a result of the alcohol feeding. In view of the fact that 
a further series of control animals used in other circumstances also had 
an average liver weight of 3-4 ±0-1 %, however, this conclusion must be 
drawn with reserve. 

The increased percentage liver weight of the “tolerant” animals was not correlated 
vrith loss of body weight-. the heavy drinker — ho maintained his body weight unchanged 
had one of the largest livers 1-1 %). 

When the metabolic rate of alcohol was determined in these seven 
“tolerant” animals, no significant difference from that in the control 
animals was observed, if the results were expressed in terms of body 
weight. The metabolic rate per unit of liver weight was significantly 
lower, however, as can be seen from the statistical analysis given in 

tABLE II. Relationship between metabolic rate of alcohol (per 100 g. liver) and its 
concentration in the plasma in (A) normal cats and (B) cats previously fed with alcohol 


Alcohol 

Metabolic rate of alcohol 

concentration 
in plasma 

mg./ 100 g. liver/br. 

/ ■ . 

mg./lOO c.c. 

A 

B 

e a. 10 

2S0-*-22 

140 

ca. 20 

(2) 

(1) 

339+10 

(-1) 

163 

(1) 

50-100 

403+25 

(S) 

265+50 

(2) 

100-200 

460+ 20 
(9) 

374 + 30 
(3) 

200-300 

>300 

520+ 20 
(12) 

650+35 

<■> 

3604:35 

(5) 
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Table II. The “tolerant” animals appear to metabolize alcohol at 
50-80 % the rate of the normal animals with the same size of liver, and 
the results suggest that in the “tolerant” animals an upper metabolic 
limit is reached which cannot be increased by further increase in alcohol 
concentration. Additional evidence for the soundness of this conclusion 
is afforded by the second series of control a n i m als. These had the same 
average liver weight as the “tolerant” animals, and the metabolic rate 
of alcohol in the latter was lower than the normal whether expressed in 
terms of liver weight or body weight. 


Anaesthetic 

Various observations indicated that deep nembutal anaesthesia 
reduced the metabolic rate of alcohol and suggested the possibility that 
even the light degree of anaesthesia normally used in these experiments 
might affect the results. No information has been obtained from the 
literature in regard to the behaviour of alcohol in cats without anaesthetic, 
but much work has been done on unanaesthetized dogs and it seemed o 
interest to compare with them the animals used in this series under 
nembutal. In Table III are some results of Mellanby [1919] on two dogs 


Table m. The metabolio rate of alcohol in animals under nembutal anaesthesia compared 
with those of other workers without anaesthetio. Figures in brackets indicate t o 
number of observations 

Metabolic rate mg./kg./hr. 


Alcohol 
concentration 
in plasma 
mg./lOO c.o. 

10-20 


No anaesthetio 


Nembutal 


Haggard & 
Mellanby Widmark Greenberg 
(2 dogs) (0 dogs) (4 dogs) 


Dogs 


Cats* 


60-100 

100-200 

200-300 

300-100 


120 

150 

200 

( 2 ) 


104 

( 12 ) 

120 

( 2 ) 


230, 290 


600 


610 


140 

( 2 ) 

160 

(7) 

162 

( 2 ) 


1 2 A (11) B (10) 

76 81 120 

( 2 ) 

86 116 109 

(4) 

92 — 114 

(3) 

110 143 137 

(7) 

_ _ 161 — 

( 2 ) 

* The cats were separated into two groups by liver weight, group A. liver w g 
2-3 % of body weight: group B, 3-4 %. 

and of Widmark [1933 a] on six dogs, together with those of Haggard* 
Greenberg [1934] on four dogs. Of the two dogs under nembutal, the 
first had a liver weight of 2-1 % of the body weight and the second, one 
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of 2-5 %. The cats quoted are divided into two groups according to liver 
weight, those with livers 2-3 and 3-4 % of the body weight respectively. 
It is clear that this variable factor is of far greater importance in affecting 
the metabolic rate of alcohol than any possible inhibitory action of 
nembutal, and one may conclude that this anaesthetic, in the dosage 
used, has little action. The cause of the wide variation of the results of 
Haggard & Greenberg from those of other workers is obscure. 


Alanine 

It is a matter of co mm on observation that when alcohol is ingested 
with food, its effects on the nervous system are not so pronounced as 
when the same dose is taken on an empty stomach. That this effect is 
associated with a reduced concentration of alcohol in the blood was first 
shown by Mellanby [1919], His results were amplified by Southgate 
[1925], who found that a meal of bread and milk was more efficacious 
than one of olive oil in reducing the concentration of alcohol in the blood 
after a given dose. Widmark [1933 b, 1934] found that amino acids were 
more potent in this respect and fatty acids less so; carbohydrate and fat 
had no such effect. This action of foodstuffs cannot be attributed solely 
to their effect in delaying absorption of the alcohol since the blood- 
alcohol curve in these conditions stays consistently at a lower level than 
that following absorption of the same amount of alcohol Horn an 
empty stomach. Moreover, Le Breton [1934] finds that the total 
alcohol content of the body disappears more rapidly in these circum- 
stances. The simplest explanation of this lower blood-alcohol curve, 
namely a combination of delayed absorption and increased rate of 
metabolism due to the specific dynamic action of the foodstuffs, has 
received scant attention. The results of Leloir & Munoz [1938] suggest 
that this latter factor may be of importance, for they found the meta- 
bolism of alcohol in liver slices to be increased by the addition of both 
alanine and pyruvic acid. Widmark, however, insists that under the 
action of amino acids, and to a less extent of fatty acids, some of the 
alcohol “disappears”. He postulates an ester formation between the 
two, but has, as yet, been unable to identify such a compound in the 
blood or tissues. It seemed possible that a reinvestigation of the problem 
under different experimental conditions might yield further information 
and experiments were designed, therefore, to test the effect of alanine 

under conditions m which control values of r and 0 could be obtained in 
the same experiment. 
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It became clear at an early stage in the work that the action of a 
single dose of alanine on alcohol metabolism was too short-lived to ye 
any conclusive evidence as to its mode of action, and in the later exp 
ments an intravenous infusion of alanine was continued over sev 
hours. Under these conditions, the evidence was clear-cut. the va 
of r was unchanged and that of j3 considerably increased, 
the higher figure so long as the infusion was continued. Mo o 
experiments were of the type illustrated in Fig. 1, t / e a arnne 
given with either the first or second dose of alcohol. A summary 
the results obtained is given in Table IV. In several experiments, alanine 

Table TV. The effect of alanine on the metabolic Tate of alcohol 

n] 


Weight 
of cat 

kg- 

2-3 

2 - 5 

3 - 12 
2-26 
2-0 
2-2 
2-8 
2-28 


Total alanine 
injected 
g- 
0 
2 

2 
0 
2 
0 

0 
6 

0 
6 
6 
0 
0 
e 
0 
6 


0-52 

0-605 

0-59 

0-65 

0-64 

0-69 

0-59 

? 

0-01 

0-92 

0-62 

0-045 

<0-68 

0-04 

0-65 


P, . 

mg./c.c./min. 

0-00345 

0-00465 

0-00435 

0-0037 

0-0032 

0-0032 

0-00415 

0-0079 

0-0048 

0-006 

0-0053 

0-00375 

0-0035 

0-00455 

0-00425 

0-0059 


Plasma alcohol 

concentration 

mg./I00 o.c. 
250-300 
200-250 
40-80 
110-230 
80-130 
130-180 
70-130 
130-170 
160-200 
160-200 
60-130 
80-120 
80-130 
110-140 
100-160 
80-150 


was given with the smaller dose of alcohol; its effect in 
metabolic rate was so great as to over-nde the °PP° sl “ g °° f bnine 
effect in all but one experiment, in which a a 
had been given to a rather large cat. In , , yalue 0 f 0 

single dose of alanine was given without farther alc°h _, ^ ^ ^ 

increased for the next H hr. and returned to the ongi j 
succeeding hour. This observation is not m accord . the 

elusion [1933c] that the “disappearance of alcohj^ ^ ^ 

protein or ammo acid is given either wi ^ a protein meal 

conclusion, however, was based on an es P®™* decreasing, and its 

was given while the blood-alcohol concen a tlie conc entration 

specific dynamic action would not have occun which its 

of blood alcohol was only about 20 mg./100 c.c., the re 0 
metabolic rate falls away so markedly. 
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Further evidence that Widmark’s own experiments do not necessitate 
the “ester-formation” hypothesis was obtained by comparing an experi- 
ment performed in the same way as his own with one in which a constant 
infusion of alanine was given. In each animal, an initial dose of alcohol 
was injected into the stomach, and the blood-alcohol curve followed in 
order to obtain a control value of r. Then, in the one cat (2-26 kg.) 
analogous to Widmark’s experiments, a dose of alanine (5 g.) was injected 
into the stomach shortly followed by a second dose of alcohol calculated 
to bring the blood-alcohol concentration back to that obtaining during 
the control period. For ease of presentation, the two blood-alcohol 
curves have been superimposed (Fig. 5 A). 

In the first half of the experiment, 2-48 g. alcohol were given; r was 0-59, p 0-00415. 
The second dose (1-8 g.) raised the concentration to a rather higher value than that resulting 
from the first dose, C 0 being 206 mg./lOO c.c. as compared with 186 mg./ 100 c.c. In Fig. 5 A, 
therefore, 20 mg./lOO c.c. has been subtracted from each point on the second curve. 
A similar adjustment of 15 mg./lOO c.c. has been made in Fig. 5B, since the C 0 value 
following the second dose (1*85 g.) was 204 mg./lOO c.c. as compared with 189 mg./lOO c.c. 
following the first dose (2*78 g.). 


If the early part of each curve in Fig. 5 A is ignored (their differences 
will be considered later), the results are the same as those obtained by 
Widmark. That is to say, when has attained a steady value, the blood- 
alcohol curve following the alanine administration is parallel with, but 
lower than, the control curve. Either some alcohol has “disappeared”, 
or the value of r has increased — or the metabolic rate of alcohol has 
been faster during the first hour or so after the administration of the 
alanine. 

In the second cat, the same procedure was followed (2 g. alanine to a 
2-28 kg. cat), but alanine was infused intravenously (1 g. in 5-5 c.c./hr.) 
throughout the second period (saline having been infused at the same rate 
during the control period). There is no longer any “disappearance” of 
alcohol (Fig. 5B) in spite of the increased amount of alanine present, but 
a definite increase in the value of £J, r remaining unchanged. The simplest 
explanation of these results is that amino acids increase the metabolic 
rate of alcohol. Widmark’s “ester-formation” hypothesis is untenable in 
its present form, although the possibility that such formation occurs 
normally m the body cannot he ignored. The alcohol disappearing from 
the blood would then be due to a combination of ester formation in the 
tissues together with oxidation, and the addition of amino acids to the 

„ 1 ”“ 8 «! T“ hoa p '~ “ “tt It 

method of assessment of metabolic rate of alcohoi from 
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Time after alcohol (hr.) 


Fic. 5. A. Comparison of plasma alcohol concentration following a dose of alcoho 

F,g tomach ( :__ + ). and a dose of alcohol combined with a -angle . do„ of alamno 

-•). B. A similar comparison, with a constant intravenous 

continued throughout the period following the single dose (• •)• 
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of blood alcohol concentration falls to the ground, and until definite 
evidence of the existence of such esters is forthcoming, it would seem 
justifiable to adhere to the simpler hypothesis. All the published work 
concerning the action of foodstuffs on alcohol metabolism can be inter- 
preted in this way if the relative time relations of delayed absorption 
and specific dynamic action are taken into account. 

In both experiments (Figs. 5 A, 5B) a volume of water was given with the first dose of 
alcohol equal to that of the alanine solution given with the second dose. In spite of this, 
the absorption of the second dose in Fig. 5A was much more rapid than that of the first, 
a fact noted by Mellanby. In Fig. 5B there is very little difference in the rate of absorption 
of the two doses, and the rate of absorption is greater than the rate of diffusion of alcohol 
from the blood into the tissues. This commonly occurs when alcohol is injected directly 
into the small intestine, and it seems probable that in this experiment the pylorus remained 
open after the injections, allowing the fluid to pass rapidly into the duodenum. 


Summary 


1. The metabolic rate of alcohol in cats was found to be directly 
dependent on the concentration of alcohol in the body, increasing about 
30 % for every 100 mg./ 100 c.c. increase in plasma alcohol concentration. 
This relationship, although apparent in each individual animal, could be 
demonstrated statistically on all the animals used only if the metabolic 
rate was expressed in terms of liver weight, rather than body weight or 
body surface. 

2. The metabolic rate of alcohol per unit liver weight in animals 
previously fed with alcohol was significantly smaller than in normal 
animals. 

3. Comparison of results obtained on animals under light nembutal 
anaesthesia with those of other workers on unanaesthetized animals 
shows that this anaesthetic has little, if any, inhibitory action on the 
metabolic rate of alcohol. 

4. The metabolic rate of alcohol was increased by addition of alanine 
to the body, r remaining unaffected and 0 being increased. Widmark’s 
hypothesis of the disappearance ” of alcohol by ester formation in these 
circumstances is shown to be unnecessary. 


My sincere thanks are due to Prof. Graham Brown for 
this -work in his laboratory. 


giving me facilities to complete 
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THE RESULTS OF ADRENALECTOMY IN 
THE PREGNANT ALBINO FAT 

By T. M 0 KEOWN 1 and W. R. SPURRELL 
From the Department of Physiology, Guy’s Hospital, London 

(Received 26 February 1940) 

The possibility of some interaction between the adrenals and the sex 
glands and genital tract during pregnancy has been suggested by several 
observers. Such interaction may be considered from two different aspects. 
First, can pregnancy do anything to support or replace adrenal function 
and, secondly, do the adrenals make any essential contribution to the 
maintenance and normal progress of pregnancy 1 

Rogoff & Stewart [1927] reported prolongation of survival in twelve 
of seventeen bitches adrenalectomized in various-, stages of pregnancy, 
and this has been confirmed in the same species by Billmaun & Engel 
[1939]. Eiror & Grollman [1933] reported similar findings in the albino 
rat, in contradiction to the observations of Carr [1931], Numerous 
investigators have agreed that there is no improvement in the survival of 
cats adrenalectomized during pregnancy [Corey, 1928 ; Rogoff & Stewart, 
1929; Gradinescu, Santa & Lucan-Ionescu, 1935]. 

The available evidence on the second question is conflicting. Adrenal- 
ectomy in pregnant bitches does not seem to interfere with the progress 
of pregnancy nor with parturition [Rogoff & Stewart, 1927 ; Billmann & 
Engel, 1939], In pregnant cats in most cases the operation is followed by 
abortion or resorption of the foetuses [Corey, 1928; Rogoff & Stewart 
1929; Britton & Kline, 1936]. Lewis [1923] and Ingle & Eisher [1938] 
reported no change in the course of pregnancy after adrenalectomy in the 
rat, although Britton & Kline [1936] stated that the operation in this 
species commonly resulted in abortion. 

In this paper an account is given of an experimental examination of 
these questions. 

Hilda and Ronald Poolton Research Student. 
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Methods 

Albino rats, bred from Glaxo stock, were used. Daily vaginal smears 
were examined to check uniformity before and during the experimental 
period. The date of pregnancy was established by the presence of sperm 
in the full oestrus smear and confirmed by the non-appearance of the 
oestrous cycle. 

Under ether anaesthesia the adrenals were exposed at one operation 
through separate incisions in the flanks. The glands were removed with a 
surrounding veil of peritoneum and connective tissue, care being taken 
to avoid rupture of the capsule and to control bleeding. When salt was 
given it was administered by replacing the drinking water with normal 
saline. 

For the estimation of the weight of suprarenale of the newly bom, the 
young were killed on the day of delivery, the abdomen opened and the 
animals fixed in Bouin solution for 24 hr. The adrenals were then shelled 
out, dried between filter-papers and weighed. 


Results 

In view of the fact that the results of adrenalectomy had not previously 
been studied in this colony of rats preliminary experiments were per- 
formed to show the effect of sex, weight and salt treatment on survival 
after the operation. 


The effect of sex, weight and salt treatment on the survival 
of adrenalectomized animals 

A comparison was made between the survival periods after adrenal- 
ectomy of a group of fifteen female rats weighing 130-160 g. and a group 
of fifteen male animals of corresponding weights. The latter was also 
compared with another group of fifteen males weighing over 200 g. The 
results are given in Table I. 


Table I. The effect of weight, sex and salt treatment on the survival of 


adrenalectomized animals 


No. of 
animals 

Sex 

Weight (g.) 

Treatment 

15 

Female 

130-150 

None 

15 

Male 

130-150 

None 

15 

Male 

>200 

None 

15 

JIale 

>200 

Salt 


Period of survival 
days 

7 - 5 + 0-29 

8- 9+0-3G 
11-7 + 0-57 
28-9±Z-24 • 

(7 animals) 


* Three animals, salt removed at 24 days; fivo animals, salt n 
within 7 days of salt removal in each case. 
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As the table indicates tbe mean period of survival of tbe males was 
slightly but significantly greater than that of tbe females of corresponding 
weights. The table also shows that male animals weighing over 200 g. 
lived considerably longer than animals of the same sex weighing 130- 
150 g. 

A group of fifteen male rats weigh in g over 200 g. was adrenalectomized 
and maintained on salt. For seven of these animals the mean period of 
survival was 28-9 days. The salt was taken from three animals of the 
group on the 24th day after the operation and from five animals on the 
36th day. These eight animals died within 7 days c>f its removal. 


Adrenalectomy during pregnancy 

Fifteen animals weighing 130—150 g. were adrenalectomized between 
the 1st and 4th days of pregnancy, and a further group of fifteen animals 
of the same weight between the 7th and 9th days. The results are given in 
Table II and the mean survival periods are compared with that of the 
control group of non-pregnant female animals of the same weight. 


Table II, Results of adrenalectomy during pregnancy 


No. of 
animals 

Weight 

g- 

Pregnant or 
non-pregnant 

16 

130-150 

Non-pregnant 

15 

130-150 

Pregnant 

15 

130-150 

77 

10 

>200 

9f 

5 

175-200 

n 


Date of 
operation 
Nature of in days of 
operation pregnancy 

Bilateral — 

adrenalectomy 

„ lst-4th 

i, 7th-9th 

„ 7th-9th 

Unilateral and 7th-16th 


Effect on 

Period of 
survival 

pregnancy 

days 

— 

7-5+0-29 

Abortion or no 

9-9 + 0-27 

implantation 


Abortion or re- 

11-6+0-87 

sorption of foetus 

»» 

17-6 + 0-9* 

None 

Indefinitely 


dummy opera- 
tion 

* One animal survived 44 days and delivered and reared a normal litter. 


The pregnant animals lived significantly longer after adrenalectomy 
than did the controls. 

None of these animals survived to term. It was also observed at 
autopsy that in all cases adrenalectomy had interfered with the progress 
of pregnancy. In the animals operated on between the 1st and 4th days 
the operation either prevented implantation or led to a subsequent 
abortion, for no sign of the pregnancy was found in the uterus either at 
autopsy or at occasional laparotomies some days previously The opera- 
tion m the animals 7-9 days pregnant resulted either in abortion or 
resorption of the foetuses. 
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Ingle & Fisher [1938] did not report any interference with pregnancy 
in rats adrenalectomized during pregnancy, and it was thought that this 
difference might be accounted for by the greater weights of the animals 
used by these workers. To verify this point a further ten animals weighing 
over 200 g. were adrenalecto miz ed between the 7th and 9th days of 
pregnancy (see Table III). In nine animals the operation led to abortion 
or resorption of the foetuses. The single exception delivered and reared 
young, but as this animal survived 44 days after the operation it is 
probable that accessory cortical tissue was available to it. 

To determine whether mere operative interference was responsible 
for the disturbance of pregnancy, dummy operations were performed 
between the 9th and 15th days of pregnancy in five rats. The right 
suprarenal and a portion of fat near the left suprarenal were removed. 
All these animals proceeded to term, delivered and reared normal young. 


Adrenalectomy in pregnant animals maintained on salt 

It has been stated that in the rat the usual effects of adrenalectomy 
on the sexual cycle [Kutz, McKeown & Selye, 1934] and on lactation 
[Gaunt & Tobin, 1936; Levenstein, 1937] can be prevented by admini- 
stration of salt after the operation. In order to see whether this also 


Date of 
operation 
in days of 
Animal pregnancy 

1 6 

2 7 

3 8 i, >> 

4 8 No return ,, 

5 9 Day of delivery „ 


Lactation Survival 

Unsuccessful Alive on salt treatment - 
months after operation 
„ 60 days 

„ 37 days 

„ 62 days 

Alive on salt treatments 
months after operation 


Table EH. The results of adrenalectomy during pregnancy in animals 
(130-140 g.) maintained on salt 

Day of return 

of oestrus Delivery 

Day of delivery Normal 


6 7 

7 9 

8 9 

9 8 

10 8 

11 9 

12 9 

13 8 

14 7 

16 8 


tt 

No return 
Day of delivery 
Day of delivery 
4th day after 
operation 
5th day after 
operation 
3rd day after 
operation 
4th day after 
operation 
4th day after 
operation 
4th day after 
operation 


», » 

„ » 

1 dead foetus No attempt 
Dead litter » 

None — 


tt 


tt 


Alive on salt treatment - 
months after operation 


tt 

tt 

40 days 

tt 

20 days 

tt 
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applies to the pregnant animal fifteen females -weighing 130-140 g. were 
adrenalectomized between the 6th and 9th days of pregnancy and 
maintained on salt. The results are given in Table III. 

In six animals oestrus reappeared between the 3rd and 5th days after 
the operation, and subsequently at regular 4r-5 days’ intervals. Laparo- 
tomies showed that abortion must have occurred in these cases. Two of 
the remaining nine animals delivered dead litters at term, while in the 
other seven parturition was normal. 

The young delivered by these seven animals were taken for examina- 
tion of the adrenals, and were replaced by normal litters. In no instance 
was lactation successful. These mothers attempted to care for the young, 
but were unable to do so, for all the litters were found dead within 3 days 
of delivery. Normal oestrous cycles reappeared in the mothers within a 
few days of the death of the young. 

Table IV gives a comparison between the weights of the adrenals of 
the young delivered of adrenalectomized mothers maintained on salt and 
the weights of the adrenals of young delivered of normal mothers. 


Table IV A comparison between the weights of the adrenals of young delivered of adrenalectomized 
mothers maintained on Balt and the weights of the adrenals of young delivered of normal mothers 

a b 


No. of 

Average 
weight of 

Total 

Mean weight 

Mean weight 
of adrenals 


mothers 

no. of 

of young 

of young 


Maternal history mothers 

g- 

foetuses 

g- 

mg. 

Mean bja 

Normal pregnancies 8 

176 

64 

5-4±009 

1-47 + 0-03 

0-272 ±0-007 

Bilateral adrenalectomy 6th-9th 7 
day of pregnancy, maintained 
on salt 

140 

43 

4-6±008 

1-31 + 007 

0-284± 0-016 


The mean weight of the adrenals was considerably less in the adrenal- 
ectomized group, as ako was the mean foetal weight. The ratio of the 
suprarenal weight to weight of foetus showed no appreciable difference 
between tbe two groups. 


The survival of pregnant animals after t 
adrenals and foetuses 


isj c/CVj 


WWI vnuio WIIW JUO tuoco 

The experiments described in the previous section suggest that the 
foetal adrenals are not responsible for the prolonged survival of animals 
adrenalectomized during pregnancy. This view finds further support in 
the folio-wing experiment. x r 

™ a ' 3 135 - 15 °g- operated on between tbe 

9th end Uth day, of pregnancy. Both adrenala were removed through 
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separate incisions in the flanks, and all the foetuses through a mid-line 
ventral incision, the placentae being left intact. 

The mean survival period of these eight animals was 17*4 + 244 days. 
While there was greater variation in the survival of individual animals, 
the mean survival period of the group was significantly longer than that of 
non-pregnant adrenalectomized animals of corresponding weights. This 
increase in survival was at least as great as that observed in the pregnant, 
adrenalectomized animals in which the uterus was not interfered with. 


Discussion 

The results confirm the reports that pregnant rats live longer afte 
adrenalectomy than do non-pregnant controls. Grollmann [1936] a 
suggested that the foetal adrenals provide the mother with cort 
hormone, and in support of this view are the observations of Ing e 
Fisher [1938] who found that the adrenals of newly-born rats were 
significantly heavier if the mothers were adrenalectomized at the 7 
14th days of pregnancy. Our experiments do not support this view since . 

(a) Survival was prolonged after adrenalectomy during pregnane) m 
spite of the fact that in every case abortion or resorption of the oe uses 


° CC (6) 6 The foetuses of the young delivered of mothers adrenalectomized 
during pregnancy and maintained on salt were not heavier than 
delivered of normal mothers. 

(c) Pregnant animals from which the foetuses and a ena s ^ 
removed at the same operation showed the same improvement in sur 
as adrenalectomized pregnant animals in which the foetuses 

Evidence is available which suggests that the corpus luteum p 7 
important part in prolonging the fives of adrenalectomize „ 

[Emery & Schwabe, 1936; Swingle, Parkins, Taylor, Hays & - 

1937; D’Amour & D’Amour, 1939; Collins, 1939]. In view o our r 
this appears to be a more likely explanation, and recent yi 
shown that progesterone in adequate doses will for a time a eas 
the cortical hormone [Gaunt & Hays, 1938, in ferrets, ore 7’ ’ 
cats; Gaunt, Nelson & Loomis, 1938; Bourne, 1939; Schwabe A Emery, 
1939; Greene, Wells & Ivy, 1939; Fischer & Engle, 1939, in ra J- 

The fact that seven of the fifteen mothers, adrenalec om 
the 6th and 9th days of pregnancy and maintaine essentia i 

fitters which were apparently normal does no sugg ^ ftt least 

contribution from the adrenal for the maintenanc P S 
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in the later stages. On the other hand, six animals aborted in spite of salt 
treatment, and resumed normal oestrous cycles. The control experiments 
make it unlikely that operative shock was a factor in these results. It 
is interesting to recall that there is evidence that ovulation and luteiniza- 
tion are not normal in adrenalectomized animals [Friedgood & Foster, 
1937, 1938]. It is possible that the adrenal is essential in the earlier stages 
of pregnancy, and that the differences in our results are explained by the 
fact that all the operations vrere performed shortly before the middle of 
pregnancy. 

SmmAnv 

1. Adrenalectomy between the 1st and 4th days of pregnancy in 
albino rats either prevented implantation or led to abortion; between the 
7th and 9th day adrenalectomy led to abortion or resorption. 

2. A salt diet prevented in part the effects of adrenalectomy as nine 
out of fifteen adrenalectomized mothers delivered litters (two dead) but 
were unable to rear young. The remainder aborted and resumed regular 
oestrous cycles. 

3. The adrenals of the young of Balt-treated, adrenalectomized 
mothers did not differ in weight from controls. 

4. In pregnant animals simultaneous removal of foetuses and adrenals 
was followed by the same increased survival period as after adrenalectomy 
alone. 

5. It is concluded that the observed increase in survival period of rats 
adrenalectomized during pregnancy cannot be due to the activity of the 
foetal adrenals. 

One of ua, W. R. S., is indebted to the Government Grant Committee of the Royal 
Society for a grant towards tho animal expenses of this work. 
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rfT C1Sl0n ’ the Placentae being left intact. 

I^Tiile therp ^ SUrV ^ Ya ^ P er i°d of these eight animals was 17-4 + 2-44 days. 

in tie s ™> rf “ • 
non-nremrnm T , f h ° gr ° Up Wa8 81 g^cantly longer thanthatof 
CelseZ t" ? aleCU) T ed anbn&h ° { corresponding weights. This 
adrenalectom ’ I* W&S f 6a8t aS great M ttat observed in the pregnant, 

e nmed ammaIs “ wMch the uterus was not interfered Sth. 
Discussion 

adrenalppfo ^ ° 0nbT ™ tbe re P°rts that pregnant rats live longer after 

sngltd tw i an /° r n ‘ pregnant C0ntr0k GroU - a - [1936] has 

hormonp ^ foeta adrenals Provide the mother with cortical 

Fisher mmi ^ , support ^bis view are the observations of Ingle k 

signifi t? r W ° c ujlf l that the adrenals of newly-born rats were 
14th da" f eaVier if the m0thers were adrenalectomized at the Tth or 
/ \ o ° pregnancy. Our experiments do not support this view since: 
snite of ^, aS P r °l° n £ ef ! after adrenalectomy during pregnancy in 

occurred 6 ^ Et m 6Very case Portion or resorption of the foetuses 
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in the later stages. On the other hand, six animals aborted in spite of salt 
treatment, and resumed normal oestrous cycles. The control experiments 
make it unlik ely that operative shock was a factor in these results. It 
is interesting to recall that there is evidence that ovulation and luteiniza- 
tion are not normal in adrenalectomized animals [Friedgood & Foster, 
1937 , 1938]. It is possible that the adrenal is essential in the earlier stages 
of pregnancy, and that the differences in our results are explained by the 
fact that all the operations were performed shortly before the middle of 
pregnancy. 

Summary 

1. Adrenalectomy between the 1st and 4th days of pregnancy in 
albino rats either prevented implantation or led to abortion ; between the 
7th and 9th day adrenalectomy led to abortion or resorption. 

2. A salt diet prevented in part the effects of adrenalectomy as nine 
out of fifteen adrenalectomized mothers delivered litters (two dead) but 
were unable to rear young. The remainder aborted and resumed regular 
oestrous cycles. 

3. The adrenals of the young of salt-treated, adrenalectomized 
mothers did not differ in weight from controls. 

4. In pregnant animals simultaneous removal of foetuses and adrenals 
was followed by the same increased survival period as after adrenalectomy 
alone. 

5. It is concluded that the observed increase in survival period of rats 
adrenalectomized during pregnancy cannot be due to the activity of the 
foetal adrenals. 


One of ns, W. R. S., is indebted to the Government Grant Committee of the Royal 
Society for a grant towards the animal expenses of this work. 


REFERENCES 


Bfllmann, F. & Engel, D. R. [1930], Klin. Wechr. 18, 599. 
Bourne, G. [1939]. J. Physiol. 95, 12 P. 

Britton, S. W. & Kline, R. F. [1936]. Amer. J. Physiol. 116, 627. 
Carr, J. L. [1931], Pros. Soe. exp. Biol., N.Y., 29, 128. 

Collins, W. D. [1939], Proc. Soc. exp. Biol., N.Y., 40, 679. 


Corey, E. L. [1928], Physiol. Zofil. 1, 147. 

Corey, E. L. [1939]. Proc. Soc. exp. Biol., N.Y., 41, 397. 


D’ Amour, JI. C. & D’Amour, F. E. [1939], Proc. Soc. 


Emery, F. E. & Schwabe, E. L. [1938], Endocrinology, 20 650 
Firor, W. M. & Grollman, A. [1933], Amer. J. Physiol. 103 086 
Fischer, A. & Engle, JL [1939], Lancel, no. 236, p. 354. ’ 


«*P- Biol., N.Y., 40, 417. 



262 


T. MoEEOWN AND W. R. SPURRELL 


Friedgood, H. B. & Foster, M. A. [1937]. Amer. J. Physiol. 119, 312. 

Friedgood, EL B. & Foster, H. A. [1938]. Amer. J. Physiol. 123, 237. 

Gaunt, R. & Hays, H. W. [1938]. Amer. J. Physiol. 124, 707. 

Gaunt, R., Nelson, W. 0. & Loomis, E. [1938]. Proc. Soc. exp. Biol., N.Y., 39, 319. 
Gaunt, R. & Tobin, C. E. [1930]. Amer. J. Physiol. 115, 588. 

Gradinescu, A., Santa, N. & Lucan-Ionesou, F. [1935]. C.R. Soc. Biol., Paris, 120, 356. 
Greene, R. R., Wells, J. A. & Ivy, A. C. [1939]. Proc. Soc. exp. Biol., ALT., 40, 83. 
Grollmann, A. [1930]. The Adrenals. London: Baillifere, Tindall & Cox. 

Ingle, D. J. & Fisher, G. T. [1938], Proc. Soc. exp. Bid., N.Y., 89, 149. 

Kutz, R. L., HoKeown, T. & Selye, EL [1934]. Proc. Soc. exp. Biol ., ALT., 32, 331. 
Levenstein, J. [1937]. Anat. Sec. 67, 477. 

Lewis, J. T. [1923]. Amer. J. Physiol. 64, 503. 

Rogoff, J. M. & Stewart, G. N. [1927]. Amer. J. Physiol. 79, 508. 

Rogoff, J. M. & Stewart, G. N. [1929]. Amer. J. Physiol. 88, 162. 

Sohwabe, E. L. & Emery, F. E. [1939]. Proc. Soc. exp. Biol., N.Y., 40, 383. 

Swingle, W. W., Parkins, W. M., Taylor, A, R., Hays, EL W. & Morrell, J. A. [1937]. Amer. 
J. Physid. 119, 076. 



263 


. Physiol. (1940) 98, 263-282 


6x2.146.2:612.085.21 


EFFECTS OF SYMPATHOMIMETIC AMINES 
ON PERFUSED BLOOD VESSELS 1 


By M. C. MORTON and M. L. TAINTER 

From the Department of Pharmacology, Stanford 
University School of Medicine, San Francisco 

(Received 13 October 1939) 

Previous studies of the actions of sympathomimetic amines in patho- 
logical states of the circulation [Tainter, Footer & Hanzlik, 1939; 
Crismon, C. A. & Tainter, 1939] have indicated the desirability of 
knowing the relative quantitative effects of these agents on different 
elements of the circulatory system, in order that they might be used 
according to some specific seat of action. Certain data for such informa- 
tion were available from other published reports from this laboratory on 
the potency of these compounds for the intact normal circulation, and for 
the isolated heart, in a heart-lung preparation [Crismon, J. M. & Tainter, 

• 1938], This paper presents results with the same amines on the blood 
vessels of the cat’s perfused hindleg, as the first of a series of studies of 
their vasomotor effects. In the hope of being able to account for the 
magnitude of the blood-pressure reactions in the various studies, there 
have been considered also the various conditions for reactivity of the 
vessels in the excised legs. The results obtained are believed to be of 
importance not only for the choice of these amines to be used in patho- 
logical states, but also in understanding the humoral transmission 
mechanisms in the blood vessels. 


Methods 

In cats, anaesthetized with sodium pentobarbital, the femoral artery 
was eannulated and the blood washed out of a hindleg with physiological 
salt solution (0-85% NaCl). This leg was amputated through the hip 

1 Supported, in part, by Therapentio Research Grants Nos. 320 and 346 o(the Council 
on Pharmacy and Chemistry of the American Medical Association, and by thb Rockefoller 
Flmd Research Fund of Stanford University School of Medicine. 

PH. xcvm. 
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joint and transferred to a glass funnel kept warm by a hot-water jacket. 
The inflow was through the cannula in the femoral artery, with the 
perfusion fluid flowing through coiled glass tubing in a constant tempera- 
ture water bath at 37-8° C. The femoral vein was left open, uncannulated, 
so that the outflow ran off the leg into the funnel, and was collected in 
graduated cylinders. Special attention was given to eliminating all metal 
from contact with the perfusion fluid, since our experience agreed with 
that of Beland, Moe & Yisscher [1938], that enough metal could be given 
off to the fluid to poison the perfused leg within a comparatively short 
time. 

In the majority of legs, pressure for the perfusion was supplied by 
compressed air held constant by a mercury escape valve. The pressure was 
so regulated that a flow between 20 and 40 c.c./min. was secured, which 
required between 40 and 80 mm. Hg pressure when Locke’s solution was 
perfused. Injections of the amines were made through the rubber tubing 
at the cannula in a constant volume of 1 c.c. of fluid. Control injections 
of the perfusion fluid alone did not produce demonstrable changes in the 
outflow, so that the mechanical effect of the injection itself was negligib e. 
Vasoconstriction was indicated by a slower rate of outflow, and vaso 
dilatation by an increase. The responses appeared during the first minute 
after injection, became maximum in from 2 to 5 min., and laste 
generally from 5 to 10 min. Recovery to the pre-injection level was 
almost invariable, except after very large doses of the less active amines. 
Under ordinary conditions, good responses were obtained for over 3 •> 

and during this time closely reproducible effects were obtained wi 
repeated doses of those amines whose actions were not complicate J 


tachyphylaxis. , , 

The general procedure was to inject a dose of adrenaline, whic '™u 
give a definite but not maximum vasoconstriction, usually about 3 /o> 
and then to match the change, if possible, with a suitable dose o t 
amine in question. The injections were alternated with varying 0 
until a bracket of the responses to the two agents was achieve 0 
which their relative activity could be computed. A given leg was us 
until signs of loss of reactivity, or oedema, developed. Eac e S sc 
p or one determination on about three amines, and from three to run 
ndividual legs were used for each compound under each set o con i > 
he average number being about ten. Less than five legs w ere use 
re was unusually close agreement between t em, or 
d no significant vasoconstrictor action. Diminished response 
Elections of enhedrine and other phenyl ring compounds 
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made it difficult, if not impossible, to get more than a single acceptable 
vasomotor response to these agents. Therefore, these were injected only 
once in a given preparation. 


Computation of results 

Inasmuch as this study was directed primarily at determining the 
relative potency of the various amines, individual variations would 
decrease the reliability of the results, unless the number of experiments 
were increased to somewhat impracticable levels. In bioassays this 
difficulty is largely obviated by using a standard of reference with which 
the unkn own drug is compared, the average ratio of activity between the 
two being taken as the measure of the potency of the unknown drug. 
This was the method adopted in this study, using adrenaline as the 
reference standard. The choice of adrenaline for this purpose was 
particularly fitting in view of its role in the responses to the amines 
described below. 

Comparisons of the responses were made in terms of both the absolute 
and the percentage maximum decreases in outflow, and of the absolute 
and percentage decreases in total flow in fifty consecutive legs. Since the 
variabilities by these various methods of calculation were practically the 
same, the maximum percentage decreases in the perfusion flow were 
finally used, as in our previous studies of these amines. From these 
values the ratio of potency of the amine to adrenaline was calculated by 
linear interpolation, using the bracketing responses. Its average value 
was computed from a series of determinations, together with the standard 
error of the mean, to indicate the probable variability. The standard- 
error calculations involved the possibly hazardous assumption that the 
individual values were normally distributed, an assumption difficult to 
prove in such limited series. The coefficient of skewness in ten different 
series of observations made on a total of 174 legs had a median value of 
1-8, a value greater than was desirable, but not definitely establishing a 
departure from normality so great as to preclude application of the usual 
formulae. Since almost all the skewness resulted from abnormally high 
values, it is possible that the distribution of the logarithms of the ratios 
would have been more normal. 


An alternative method of calculating the relative activities would be 
to derive equations expressing the relationship between dose and effect 
1 he ratios of the constants of these equations to those of adrenaline 

lit tle 3 thS re ! ative aCtivitieS of the two a g®ts. In the most 
suitable experiments for this purpose, such calculations gave values with 
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no smaller variabilities than were obtained from the simple linear inter- 
polation method described above. Therefore this was adopted as being 
adequate under the restricted conditions of this study. 


Results 

Amines in Locke’s fluid 

Perfusions of the amines were made first with the classical Locke’s 
fluid of the following composition: sodium chloride, 0-92%; potassium 
chloride, 0-042%; calcium chloride, 0-012%; sodium bicarbonate, 
0-015%; dextrose, 0-1%. 

The activities observed are s umm arized in Table I, which shows tbe 
mean dosage ratio of each amine to adrenaline for equal vasoconstrictions, 


Table L Influence of the perfusion fluid on the vasoconstrictor ratios to adrenaline shown 
bv various sympathomimetic amines when perfused through cat’s leg vessels at a 
constant head of pressure 


Locke perfusion fluid 

.. A 

f \ 

No. Ratio to adrenaline 

of. , * 

Amines cats Mean±8.D. Median 


Dihydroxy-phenyl compounds: 

Arterenol 7 1-85 ±0-41 2-1 

3-4-Dioxyephedrine 6 21-9±2-3 21-3 

Cobefrine 10 9-9±l-3 8-6 

Ethylnorsuprarenin 10 1273 ± 190 1088 

Epinine 9 6-1 ±0-75 6-6 

Metahydroxy -phenyl compounds : 

1-m-Oxyephedrine 9 294+47-3 292 

Neosynephrino 13 22-0 ± 4-3 22-2 

m-Oxynorephedrine 8 191 ±27-2 185 

Para- and ortho-hydroxy-phenyl compounds : 
Paredrine 14 7232 ±1557 8020 

Tyramine 14 6017 ± 1470 3334 

o-Oxyephedrine 8 Mainly dilator — 


Phenyl compounds: 

Ephedrino 16 31,100 + 9044 5435 

Benzedrine 8 60,200 ± 15,900 48,076 


Phenylethylamino 8 

Phenylethanolamine 8 
Propadrine 7 

Diphenylethylamine 5 


66-9+17-0 67-1 

74-2+38-4 25-0 

32,573+10,500 29,412 
63,071 ± 10,040 68,333 


Blood perfusion fluid Change of 

* — ^ aotmty 

No. Ratio to adrenaline in blood 

of , A ~- •> r 

cats Mean+s.n. Median Mean jImus 


3 1-12 + 0-05 1-09 

7 31-4±4-77 26-7 

19 3-2 + 0-37 2-7 

3 238± 15-3 250 

3 7-2 + 0-05 7-1 


10 148 + 31-8 93-9 

8 11-1 + 0-98 9-7 

8 48-2± 7-0 45-2 


1-7 

0-70 

3-1 

5-4 

0-85 


2-0 

2-0 

4-0 


1-9 

060 

3 - 2 

4 - 3 
0-93 


3 - 1 
23 

4 - 1 


9 33-4± 11-5 

14 28-9 + 6-1 

5 ll-2±4-68 


26- 7 214 

27- 6 174 

4 00 


225 

121 


8 71-6± 10-6 

6 Mainly 

dilator 

0 0-1 + 0-86 

9 3-75 ±0-51 

10 36-6±6-24 

4 Mainly 

dilator 


68-6 434 


7-2 

3-51 

29-2 


10-7 

19-8 

892 


83 

7-1 

1007 


and the standard error of the mean. The median is included to indicate 
the normality of the distribution. 

It was observed that the catechol derivatives, arterenol, 3-4-dioxy- 
ephedrine, cobefrine and epinine had potency of the same order of 
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magnitude for vasoconstriction of perfused vessels as for pressor actions 
on the intact circulation. Ethylnorsuprarenin, although a catechol, was 
in a different category, since its actions are quite complicated, and include 
important dilator effects, due presumably to its long side chain [Cameron, 
Crismon. Whitsell & Tainter, 1933]. The metahydroxy-phenyl deriva- 
tives. l- 77 i-o xyephedrine, neosynephrine and m-oxynorephedrine also 
shoved vasoconstrictor powers consistent with previous results under 
other conditions. 

In marked contrast to the effects of these compounds were the 
responses to the ortho- and para-hydroxy-phenyl and unsubstituted- 
phenyl ring derivatives. "With these the reactions were practically 
completelv lacking. In order to get any response at all, the concentrations 
and volumes injected had to be raised to the point where possibly non- 
specific reactions to hypertonicity or acidity occurred, and even these 
were minimal, unpredictable, and showed little relationship between size 
of dose and effect. The size of the ratios to adrenaline obtained under 
these conditions obviously lacked quantitative significance, except to 
indicate an almost complete absence of vasoconstrictor power. From the 
ratios of 66 and 74, phenylethylamine and phenylethanolamine might 
not be regarded as belonging to this gronp of compounds. However, they 
were affected by the conditions described below in the same way as the 
other phenyl derivatives. 

This lack of response of the perfused blood vessels might have been 
interpreted as indicating that these compounds did not possess direct 
vasoconstrictor power and that they produced their pressor action in vivo 
through cardiac, central, or other mechanisms. However, before such an 
explanation could be accepted, it was thought desirable to repeat the 
observations with a more physiological perfusion fluid, as a check against 
the possibility that Locke’s solution conditioned the responses. 


Amines in defihrinated blood 

Similar tests of vasoconstrictor potency were made with the same 
amines in defibrinated cat’s blood instead of Locke’s solution. Three 
cats were exsanguinated for each experiment, the bloods being defi- 
brinated, pooled, and diluted with an equal volume of physiological salt 
solution. A hindleg from the last cat bled was perfused immediately with 
this blood, using the same technique as with Locke’s solution. Pressures 
of 150-200 mm. Hg were necessary to get an adequate rate of flow 
suggesting that either the greater viscosity of the blood, or its vaso- 
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constrictor action, diminished the flow. Table I presents the average 
ratios obtained. 

The catechol and metahydroxy-phenyl derivatives had somewhat 
greater activities in blood than in Locke’s solution, although of the same 
general order of magnitude. Of the eight compounds in this group, five 
were not affected by the change of perfusion fluid more than might occur 
from chance variation, as shown by the standard errors. Of the remaining 
three, one was the exceptional ethylnorsuprarenin, which should not he 
considered with the others. The average increase in activity in blood for the 
entire group was 2-05. This increased response was due probably to better 
oxygenation of the tissues by the more physiological blood, which permitted 
better tonus of the blood vessels. Possibly also with a slower rate of flow, 
there was a longer exposure of the blood vessels to the action of the amines. 

The remaining group of agents, comprising the last nine in Table I, 
were the ortho- and para-hydroxy-phenyl and non-substituted phenylic 
ring compounds which were relatively inactive in Locke’s solution. Of 
these, benzedrine and diphenylethylamine had such limited vasocon- 
strictor power that they have been omitted from this comparison. The 
other seven agents showed good vasoconstrictor potency in blood, 
entirely comparable with that of the first group, which was in striking 
contrast to their lack of vasomotor action when used in Locke s fluid. 
Ortho-oxyephedrine in Locke’s fluid caused only vasodilatation, but had 
one-eleventh the vasoconstrictor action of adrenaline in blood. All the 
remaining agents were likewise more potent in blood, both the average 
and median increases in activity for the group being between 200 and 300 
times. Phenylethylamine and phenylethanolamine responses were 
affected less than the other phenyl derivatives by the blood, yet they were 
rendered eleven and twenty times, respectively, as potent as judged b) 
the mean responses. This is a considerably greater increase in potencj 
than was produced with any of the meta- or dihydroxy-compounds. In 
view of this, and the chemical relationships, it seemed justified to inclu e 
them in the group desensitized in Locke’s fluid. 

Therefore, there was the striking contrast that amines with the 
dihydroxy- or metahydroxy-phenyl nucleus were relatively little n fleeter 
by the presence of blood in the perfusion fluid, whereas the other amines 
were made some hundreds of times more potent by the same condition. 
Conversely, Locke’s solution failed to provide the conditions necessary 
for responses of these latter agents. This indicated some fundamental 
difference in the mechanisms of vasoconstrictor action. The remain er 
of this paper is concerned with this difference. 
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Stability of the standard of reference ( adrenaline ) 

An objection to the suggested difference in actions of the amines might 
be that it was not the amine response which changed in blood, but rather 
the response to adrenaline, the standard of reference. Against this 
objection was the fact that the ratios for all the amines did not shift m 
the same way, as they would have done if the variation had been m the 
adrenaline responses. In addition, a direct measure of the absolute 
adrenaline activity was easily made by comparing the responses to it at 



Fig. 1. Average percentage vasoconBtrictions produced by the injection of graded doses 
of adrenaline (epinephrine) into the perfusion system of excised cat’s legs when the 
perfusion fluid was diluted defibrinated blood, normal Looke’s fluid, or Locke’s fluid 
with adrenaline (epinephrine) added in concentrations between 1 : 10,000,000 and 
1 : 2 , 600 , 000 . 

different dosage levels when the two perfusion fluids were used. For this 
comparison there were available 705 responses to adrenaline in Locke’s 
fluid and 384 in blood. A substantially linear relationship was found 
between the log-dose and percentage vasoconstrictions, so that direct 
calculation of the equations of the lines from the grouped data was 
readily accomplished (Fig. 1). 

It is seen that the two dose-response lines were practically identical, 
both as to slope and location. The deviations between them were con- 
siderably less than might have been anticipated from the inherent 
variability of the individual responses. Over one-half of the results were 
obtained with doses of from 1 to 2qg„ and in this range the differences 
between the responses in blood and Locke’s were smaller than the 
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accuracy with which the minute flow was measured. This clearly demon- 
strated that the response to adrenaline was practically the same in the 
two fluids, and that any changes observed in the relative activities of the 
other amines were the result of shifts in their potency rather than to 
adrenaline. 

Vasomotor state in Locke’s fluid 

The loss of potency in Locke’s fluid might have been conditioned by a 
lowered initial tonus of the blood vessels, as mir rored in the lowered 
perfusion pressures required to produce given rates of flow. Evidence on 
this was obtained by grouping the ratios for the agents according to the 
tonus of the vessels at the time of injection. However, no correlation 
between these factors could be demonstrated. More direct evidence on 
this suggestion is presented farther on, where a direct alteration of the 
vascular tonus also did not alter the ratios. 

Progressive loss of vasomotor activity 
Another possibility considered early was that the loss of response in 
Locke’s fluid was partly a progressive failure in reactivity of the leg 
vessels which affected some agents before others. This should have been 
more marked near the end of an experiment than in the beginning. The 
data were grouped with reference to the total duration of the perfusion 
before the amine response was elicited from which each ratio was derived. 
In addition, special perfusions were made with Locke’s fluid where the 
first injection was the amine in question. However, these methods gave 
no indication that the failure to get reactions in Locke’s fluid from some 
of the agents was a part of a general progressive failure of responsiveness 
of the leg vessels. Similarly, there was no correlation between the total 
volume of Locke’s fluid which had been perfused through, and the 
magnitude of the ratios of desensitised agents. 

Constant versus pulsatile perfusion pressures 
Another possibility in the different reactions of the amines was that a 
constant head of pressure was less physiological than the natural inter- 
mittent or pulsatile pressure. Accordingly, the driving system for the 
perfusion was changed to a pump which rhythmically forced the 
fluid through the leg. Since this produced an almost constant flow 
with the pressure reflecting the arteriolar resistance, a mercury mano- 
meter was used as in ordinary blood-pressure arrangements. The ratios 
of vasoconstrictor power were calculated as in the previous experi- 
ments, using the percentage increases in pressure as measures of con- 
striction. The results obtained are summarized in Table II. Cobefrine, 
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neosynephrine, tyiamine and ephedrine were selected as typical repre- 
sentatives of tlie various groups, and the determinations "were restricted 
to these. 

Table H. Vasoconstrictor activity of sympathomimetic amines in terms of ratios to 
adrenaline when cat’* leg vessels vrere perfused vrith Locke’s fluid under pulsatile 


pressure 



Eo. 

of 

cats 

Ratios to adrenaline (mean+s.D. (median)) 

Fluid used 

/ 

Cobefrine 

Xeosynephrine 

Tyramine 

986 - 

Ephedrine 

3960 

Locke’s 

6 

6-7 + 1-9 
(3-9) 

16-5+2-7 

(14-3) 

(Only 1 response 
obtained in 6 
legs) 

9000 

(Only 1 response 
obtained in 6 
legs) 

8929 

Locke’s plus 
0-01% curare 

6 

45-0+10-4 

(49-5) 

188+56-8 

(151) 

(Only 1 ont of 6 
legs responded) 

(Only 1 out of 6 
legs responded) 

Locke’s plus 
0-003 % sodium 
ascorbate 

6 

8-2 + 0-61 
(8-3) 

24-0+1-6 

(22-8) 

955 + 206 
(893) 

7644 j: 6391 
(9S00) 

(Only 3 ont of 6 
legs responded) 


It is seen that, in five of the six legs tested with tyramine and ephedrine, 
no responses could he elicited. Therefore, there was a practically complete 
lack of activity, as in constant-pressure perfusions with Locke’s fluid. 
With cobefrine and neosynephrine the activity was greater than before 
in Locke s fluid, although well within the range of expected variability. 
The use of pulsatile pressures, therefore, did not materially alter the 
qualitative or quantitative responses of the blood vessels. 


Influence of skeletal muscles 

The possibility was considered that the skeletal muscles caused 
changes in the rate of perfusion, through mechanical ox hormonal effects 
on the blood vessels. To test this possibility, six cats were completely 
cuiarized, and, after amputation of the legs, the perfusions were made 
with pulsatile pressure and Locke’s fluid containing 0-01% curare to 
maintain the paralysis of the nerves. Completeness of the curarization 
was proven in each leg by electrical stimulation of the sciatic nerve 
table II summarizes the results obtained with the four representative 


It is seen that both tyramine and ephedrine were again practically 
completely inactive. However, cobefrine and neosynephrine produced 
good responses, although the calculated ratios to adrenaline indicated a 
marked drop m relative activity. In compannc th p ahcr>i +■ 

St tto!e oU r, a L °“- 

.O be «d .boot ten fees nndet cnt.te, „ j.dged by Se d“t 
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required to produce a given degree of response. This accounted completely 
for the apparent decrease in the potency of cobefrine and neosynephrine. 
The mechanism of the potentiation of adrenaline responses under curare 
was not studied further. 

Ascorbic acid of perfused blood 

With the same pulsatile pressure and Locke’s fluid, a test was made 
of the ascorbic acid (vitamin C) content of the blood as a possible essential 
factor in the difference in the amine responses. This seemed a possibility 
worth testing in view of the redox activities of both adrenaline and 
ascorbic acid. Accordingly, 30 mg. of sodium ascorbate were added to each 
litre of Locke’s fluid in a series of five legs, and the ratios determined ns 
before. The results obtained (Table II) were similar to those of other 
conditions (Tables I and II), and therefore no indication was obtained 
of some special influence of this oxidation-reduction agent. 

Heparinized plasma perfusions 

It was pointed out above that the better vasomotor response in blood 
to the amines, especially the ortho- and para-hydroxy and non-sub 
stituted phenylic groups, might be associated with better nutrition 
afforded the blood vessels by the blood over that of Locke fluid. 
Whether this was a matter of oxygenation was tested directly by using 
plasma free of red cells instead of defibrinated blood. Accordingly, the 
constant-pressure system was used to perfuse a series of legs with plasma 
obtained by centrifuging the heparinized blood. In Table III it can be 
seen that the responses to cobefrine, tyramine and ephedrine in plasma 
were in close agreement with those in defibrinated blood. Neosynephrine 
was somewhat more active in plasma than under any of the other con 
ditions used, but not so much more, in view of the limited number of legs 
and variability of the individual results, to establish a specific effect o 
the plasma. The important information afforded by this series of per 
fusions was that lack of oxygen-carrying capacity of Locke s fluid was 
not the factor which interfered with the responses to the tyramine 
ephedrine group of amines. 

Vasoconstrictor effect of perfused blood 

Shed or defibrinated blood is known to produce vasoconstrictor effects, 
ascribed to the presence of a “vasotonin” [Bomstein, 192G, \ on u er, 
1931, 1932]. This agent has sympathetic-like actions, as shown ) 1 s 
constrictor effects being abolished by ergotamine, like those o a ena ne 
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[Reymans, Bouckaert & Moraes, 1932a, 6], This “vasotonin” is partly 
responsible for the higher perfusion pressures necessary with defibrinated 
blood. Passage of the blood through the lungs of a Starling heart-lung 
system, or the liver, or storing the blood in an ice box for several days 
[Bomstein, 1926; Yon Euler, 1931, 1932], causes disappearance of this 
constrictor effect, presumably owing to destruction of the “vasotonin”. 
It seemed unlikely that the presence of this material in the defibrinated 
blood conditioned the good responses to the tyramine-ephedrine group 
of amines, since it is practically absent in heparinized blood [Heymans 
el al. 1932 a, 6], which, in our perfusions, gave responses like those with 
defibrinated blood. However, a direct test of the possibility was made 
by perfusing legs with defibrinated blood free of “vasotonin”. 

For this purpose, a secondary perfusion circuit was arranged whereby 
the main store of defibrinated blood was passed continuously through 
the lungs or the liver. Blood was withdrawn at intervals from the 
reservoirs in this circuit to supply the constant-pressure circuit perfusing 
the leg. The blood passed through the lungs or liver at least three or four 
times for each circuit of the leg system, thus offering ample opportunity 
for the removal of the “vasotonin”. The blood was kept oxygenated, 
when the lungs were used, by rhythmic inflation with an artificial 
respiration machine. These lung experiments were relatively unsatis- 
factory because of the development of pulmonary oedema and incomplete 
removal of the “ vasotonin ”, as indicated by the higher pressures required 
in the leg system. Therefore, the liver was substituted with better 
results. 

The procedure finally adopted was perfusion of the liver through the 
portal vein with a head of pressure from a col umn of blood in a glass 
cylinder equivalent to the normal portal pressure. The blood was oxygenated 
by placing in the bottom of the cylinder a small Berkefeld filter candle 
through which oxygen was blown into the blood. The large surface area 
of the oxygen bubbles, together with adjustment of the rate of flow of 
the gas to about that which the blood could absorb, provided complete 
arterialization without serious foaming. With this system the rates of 
flow in the leg reflected no appreciable “vasotonin” action. Any failure 
of the liver to function properly was quickly indicated by arterialized 
blood emerging from the hepatic vein, and by alterations in the reactivity 
of the leg vessels. The pressor ratios of typical amines in this “vasotonin- 
free” blood are summarized in Table HI. 

It is seen that the activity of the amines was not affected by the 
absence of “vasotonin”, since the ratios were similar to those of other 
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blood perfusions. Therefore, no basis was demonstrated for the assump- 
tion that “vasotonin” might he responsible for the reactivity of the 
perfused blood vessels to the amines in question. 

Viscosity of blood and Locke's fluid 

Thus far it is seen that it was the plasma which made it possible for 
the tvramine-ephedrine group to produce their normal vasoconstriction. 
The problem was, therefore, narrowed down to dete rminin g the property 
or constituent of plasma essential for the vasoconstriction. An obvious 
physical difference between plasma and Locke’s fluid was the viscosity. 
By adding 0*5% gelatin to Locke’s fluid, a mixture isoviscous with the 
dilated defibrinated blood at the perfusion temperature was obtained 
as determined by measurement with an Ostwald viscosimeter. When this 
mixture was used for the perfusion fluid, the ratios obtained for eobe- 
frine and neosynephrine were similar to those with the various bloods and 
plain Locke’s fluid (Table HI). However, with tyramine and ephedrine, 
the ratios were twenty-four and eleven times, respectively, as high as 
they were in blood. This indicated a considerably greater activity than 
that in Locke’s fluid alone, but still only a small fraction of that in blood. 


Effect of calcium 

A chemical difference between defibrinated blood and Locke’s fluid 
is the calcium content, which is diminished in the processes of coagulation 
and of defibrination. To explore the effects of the range of possible 
calcium concentrations, two special Locke’s fluids were used, one in 
which the calcium content was increased by five times the normal 
amount to 0-06%, and one in which calcium was absent. The average 
ratios (Table III) showed no specific action of calcium on the action of 
the amines, unless it was some increase in the potency of cobefnne and 
neosynephrine in the calcium-high fluid. As a matter of fact, there was 
probably more of an increase in absolute response to these agents than 
the average ratios indicated, since the adrenaline responses were definitely 
sensitized by high calcium. However, the tyramine and ephedrine ratios 
still indicated that there was almost no constrictor potency in these 
agents regardless of the amount of calcium in the perfusion fluid. 


Thyroxin and insulin 

Hormones with specific metabolic actions are thyroxin and insulin. 
In a few experiments, 0-0001 % thyroxin, or 100 units of insulin per litre, 
were added to the Locke’s fluid. The values obtained for the activitv of 
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the amines all fell within the range of Locke’s fluid, so that there was no 
point in multiplying negative results by running a larger number of 
determinations on these. 

Pituitary and barium 

Posterior pituitary solution contains a hormone with direct action 
on peripheral blood vessels, which may be present in the defibrinated 
blood. Therefore, this was added to Locke’s fluid in a concentration of 
0-04% of posterior pituitary solution tj.s.p., which was equivalent to 
having 2 mg. of international standard powder in each litre of the per- 
fusion fluid. This was the concentration which produced vasoconstriction 
comparable to that of the defibrinated blood. However, again the tyra- 
mine and ephedrine were highly inactive, and showed only about 
one-fifteenth of their potency in blood. Clearly, post-pituitary hormone 
was not the constituent of defibrinated blood necessary for the normal 
vascular reactions to these amines. A similar degree of vasotonic action, 
produced by barium chloride in from 0-02 to 0-04% strength, also was 
ineffective in restoring the activity of these amines to that in blood. 
Since the vascular tonus was high with defibrinated blood, and low with 
liver-perfused blood, and it was high with pituitary or barium containing 
Locke’s fluid and low with all the other Locke’s fluids, it can be seen that 
the ratios of the tyramine and ephedrine did not follow the level o 
vascular tonus. Therefore, this factor can be ruled out as the crucial 
difference responsible for the loss of vasomotor action in Locke s fluid. 

Adrenaline added to Locke’s fluid 

There remains another hormone with vascular actions, namely 
adrenaline. This agent plays a role in the responses of blood vessels 
through humoral trans mis sion of the sympathetic nerve stimulation 
[Cannon & Rosenblueth, 1937]. Adrenaline injections were alternate 
with those of the other a min es in all the experiments of this study, but 
it was washed out of the perfusion system to a concentration below that 
producing a decreased flow before each subsequent injection was made. 
Since the Locke’s fluid, but not necessarily the blood, contained no 
adrenaline, the amines which were injected during Locke s perfusions 
acted on blood vessels which were probably washed nearly free of nntum 
adrenaline. 

In order to see if the presence of the adrenaline of the blood con 
ditioned these responses, this hormone was added to the Locke s perfusion 
fluid in various concentrations, and the activity ratios redetermine 
(Table IV). With cobefrine and neosynephrine, the ratios fluctuated 
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Table IV Effect of adding increasing concentrations of adrenaline to Locke’s perfusion 
fluid on the ratios of activity for cobefrine, neosyneptmne, tyramine and ephedrme. 
Each of the ratios in this table represents the mean of an average of Beven experiments 


Adrenaline Ratios to adrenaline (mean + S.D. (median)) 


concentration 

added 

t 

Cobefrine 

Neosynepbrine 

A. . 

Tyramine 

> 

Ephedrine 

None 

9-9 + 1-31 
(8-6) 

22-6+4-3 

(22-2) 

5017 + 1470 
(3334) 

31100 + 9044 
(5435) 

1 : 10 

37-7 + 12-7 

61-5 + 29-9 

399+1163 

619 + 269 

million 

(40-0) 

(56-4) 

(313) 

(377) 

1 : 5 

15-2 ±1-72 

40-7+16-2 

134 + 78-7 

190 + 94-4 

million 

(15-8) 

(28-5) 

(41-0) 

(117) 

1:2-5 

11-7 + 4-95 

294 ±13-6 

39-3 ±15-6 

30-9 + 7-07 

million 

(23-5) 

(.17-5) 

(19-1) 

(27-8) 


within the ranges of those where no adrenaline was added to the perfusion 
fluid. However, with tyramine and ephedrine, quite a different result 
was obtained. These two agents were practically completely inactive 
in plain Locke’s fluid, as shown by the ratios in values of thousands. 
When only a 1 : 10,000,000 concentration of adrenaline was added, the 
activities of these agents increased many fold, i.e. to 399 and 619, 
respectively. With 1 : 5,000,000 adrenaline in the Locke’s fluid, the ratios 
dropped further, i.e. to 134 and 190; and with 1 : 2,500,000 adrenaline, 
they fell to 39 and 31, values as low as, or lower than, those with blood. 
The concentration of 1 : 2,500,000 adrenaline produced degrees of vaso- 
constriction comparable to that from defibrinated blood, so that higher 
concentrations were not tested. 


According to these results, adding adrenaline to Locke’s fluid resulted 
in degrees of activity of otherwise inactive amines, entirely comparable 
with those obtained with them in defibrinated blood. However, the low 


ratios conceivably might have resulted from a shift in the responses to 
the injected adrenaline used to establish the ratios of activity. To check 
this possibility the responses to the adrenaline injections in adrenalized 
Locke’s fluid were tabulated according to doses and the calculated curve 
drawn as before (Fig. 1). It can be seen that under these conditions the 


responses increased less rapidly with increasing doses than did those in 
blood or Locke’s fluid. This may have been due to the change in con- 
centration of adrenaline in the tissues being less after the injection of a 
given dose, when there was already considerable adrenaline present from 
the perfusion fluid, than when an adrenaline-free fluid was used. The 
corollary of such a hypothesis might be that the activating substance in 
blood was not adrenaline, since, otherwise, the responses to adrenaline 
m blood should have followed those of adrenalinized Locke’s fluid. There 
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are alternative possibilities, sucb as the differences caused by tie 
physical nature of the two fluids, etc., but further speculation on this 

appears unprofitable here. . ^ • m 

Comparison of the curves in Kg. 1 shows that the deviations m the 

magnitude of responses to adrenaline in the adrenalimzed Locke s ft 
frofthose of blood or plain Locke’s fluid were not great enou ghto 
account for any significant part of the increased activity in th 
fluid. The median dose of adrenaline injected in adrena a f 

fluid was 1-0 fig., and three-fourths of afl the injections fell * the * a “ g 
0-4-6-0/xg. At the lower end of this range, the shift in response 
equivalent to an upward shift in the adrenaline dose to 0- and t h 

upper end, to a downward shift to 1-7 Mg. Educed 

order of magnitude of the changes in the ratios of Tahie I , 

by the shift in the adrenaline response, could not ^ mo than t^^ 

times, and on the average must have been almost nfl. H 

not account for the great increase in activity in 

perfusion fluid. 

^ Discussion 

The role of adrenaline in the vascular responses ephedrine 

recognized as a phenomenon first descn e y c others sub- 

in 1928; and by Bum [1930], Burn & T.rnter [1931] and^ ^ 

sequently for tyramine and ephedrme. In s PI mrimately 2000 
reported a tyramine to adrenaline activity ratio °*PP 7 d to 

when the leg was perfused with loth values 

about 50 on the addition of adrenahne e P t j ie present 

are in fine with those obtained by us. In a ^ e ; m ^ c fJ adr P cna line 
results, Burn also observed [1932] that tie tei rf 

was not the crucial factor, as shown by comparing the effects 

vascular tonus produced by post-pitmtary e ac ' t d the earlier 

The results of this study, therefore, confirm ^extend 

results on tyramine and ephedrine and. es a perfusion fluid, 

of the changes induced by the adrenahne from 

Most of the earlier descriptions of the P ea ° wh ere the normal 
comparisons of blood with adren^d Uood,^ ^ That 

adrenaline content operated to ma e ^ of adiena line, which is 

shed blood may contain important ^ of Ba in, Gaunt k 

retained for days, is clearly established y P hedrine, propadrine 

Suffolk [1936, 1937]. Our work: 5,1 /'wethanoTaiSne to tyramine and 

and possibly phenylethylamme and phenyl^ ^ ag dependin g on 

ephedrine, whose vasomotor actions 
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adrenaline being available to the peripheral . tissues. Our work also 
establishes that arterenol, 3-4-dioxyephedrine, cobefnne, ethynor- 
suprarenin, epinine, laevometaoxyephedrine, neosynephxine and meta- 
oxynorephedrine do not depend on adrenaline being in the perfusion fluid^ 
in order to produce their characteristic vasomotor responses, since the 
differences in their activities are no greater than might be expected from 
the non-specific effects of defibrinated blood. It is by no meanB certain 
that there is a sharp qualitative difference between these two groups, 
since phenylethylamine and phenylethanolamine may be intermediate 
in possibly graded degrees of dependence on the adrenaline supply. 

An hypothesis to explain the results obtained can be formulated 
along the same lines as the theories of Burn [1932], Bulbring & Burn 
[1938] and Gaddum and Kwiatkowski [1938]. That is to say, those 
compounds not dependent on the adrenaline supply produce stimulation 
of the most peripheral sympathetic mechanisms in a way comparable 
qualitatively but not quantitatively to that of adrenaline liberated from 
the nerve endings. The sole common chemical characteristic of these 
agents, which may almost be expected to break down when a more 
extended series has been studied, is that they have a hydroxyl group in 
the meta-position of the phenyl ring. The remaining amines act by 
blocking the ferment in the myoneural junction, which destroys the 
adrenaline constantly being supplied by the blood stream and nerve 
endings. There results a localized increase in adrenaline, which causes 
stimulation, presumably comparable to that of sympathetic nerve 
stimulation or of adrenaline injection. That such a ferment exists, in 
analogy to the choline-esterase for the para-sympathetics, is being 
generally assumed. It is not certain that it is identical with the amine- 


oxidase of Blaschko, Richter & Schlossmann [1937] until further studies 
have been made to determine if the inhibition of this particular ferment 
by the present amines correlates with their hypothetical mechanisms of 
action. There are other ferments in tissues which destroy adrenaline 
readily [Blaschko & Schlossmann, 1938], which may play the dominant 
role in its inactivation, and whose actions in the presence of these other 
amines remain to be explored. 


The principal virtues of the above hypothesis are that it explains 
vanous apparently contradictory actions of these amines and it can be 

noS; 8U . b r Cter ^ eXperimental Veriiication b 7 application of Shaw’s 
[1938] test to perfusates, as m work on ephedrine by Gaddum & Kwiat- 
kowski [1938], However, it appears unlikely that amine-oxidase in 
hibition can explain all the actions of these amines, even in the low-dosage 
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ranges, since augmentor effects resembling direct muscular stimulation 
can be demonstrated under selected conditions in organs where injected 
adrenaline or sympathetic stimulation cause only inhibition. There are 
other discrepancies, which can be more advantageously considered in 
connexion with other experimental data. 

In Table Y are summarized the pressor activities of these amines in 
intact animals, previously reported from this laboratory, for comparison 
with the activity demonstrated on peripheral vessels in this study. It is 

Table V. Comparison of activity of various amines on blood pressure and blood vessels 
with the dependence of the responses on the presence of adrenaline and the e ec o 
previous cocainization in vivo 


Relative pressor activity 

A, 

Change in 
activity in 
legs due to 
adrenaline 

Cat’s legs 
perfused 
with blood 

In vivo 

roxy compounds: 

1 

1 

— 

M2 

0-9 

1-7 

31-4 

91-1 

0-7 

3-2 

2-9 

3-1 

7-2 

7-6 

0-85 

148 

107-7 

2-0 

11-1 

3-3 

2-0 

48-2 

10-7 

4-0 


Amines 

Dihydroxy- and mel 
Adrenaline 
Arterenol 

3-4-Dioxyephedrine 
Cobefrine 
Epinine 

1-m-Oxyephedrine 
Neoaynephrino 
m-Oxynorophedrine 
Ortho- and para-hydroxy and unsubstituted phenyl compounds 
Phenylethylamine 6-1 1 1 ^ 

Phenylethanolamine 3-8 

■edrine 33-4 

28-9 
11-2 
71-6 

Mainly dilator 
38-5 


112 
112 
210 
118 

410 (?) 
280 
347 
67-5 


10-7 

19-8 

214 

174 


Effect of 
cocaine 
in tico' 

S 

S 

S 

S 

S 

S 

Unaltered 

D 

D 


434 


892 


D 

D 

D 


Paredrine 
Tyramine 
o-Oxyephedrine 
Ephednne 
Benzedrine 

Propadrine . . 

1 In this column, S=sensitized and D = desensitized. 

seen that, generally, though not invariably, the catecliol and metatj- 
droxyphenyl compounds (upper half of the table) showed about the sa 
activity on the legs perfused with blood as they did a 
that addition of adrenaline to the Locke s fluid a ere i - 

relatively little, and that their actions were increased by L 

contrast, other hydroxyphenyl and non-substituted pheny c 
(lower half of the table) were much less active in intact anim ^ ^ 

blood-perfused legs. Their vasoconstnctor power was large 7 P 
on adrenaline in°the perfusion fluid, and their 

abolished by coca™, when the eocainm.fon » ^ out * 
techniques. Therefore, these groupings seem to ^ ^ ^ odlenolinc 

between the “cocaine paradox phenomenon, 
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in peripheral vascular responses, and the comparatively low degrees of 
activity in the intact animal. Until the contradictory effects of cocaine 
are better understood, there seems little chance that the possible funda- 
mental significance of these correlations can be definitely established 
However, it should be pointed out that if cocaine could be demonstrated 
to act by the same mechanism as the ephedrine one suggested above, the 
“cocaine paradox” would be reasonably explained. Experiments to test 
this will be reported shortly. 

Summary and conclusions 

1. Cat’s hindlegs were perfused with defibrinated blood or Locke s 
Quid, and the vasoconstrictor power of a series of representative sympa- 
thomimetic amines was determined. 

2. When defibrinated blood was the perfusion fluid, the vasocon- 
strictor activities of the compounds having a catechol nucleus or a 
hydroxyl group in the meta -position in the benzene ring were of the same 
general order as their activities in vivo , whereas those with an ortho- or 
para-hydroxyl or unsubstituted phenyl ring tended to be considerably 
more active on these perfused vessels than they were in intact animals. 

3. When Locke’s fluid was the perfusion fluid, the first group of 
compounds retained their vasoconstrictor power almost as well as in 
blood, whereas the second group was greatly diminished in potency, or 
almost completely inactive. 

4. The responses to the former group of amines have been previously 
shown to be sensitized, and the latter group to be desensitized, by 
cocainization in the intact animal according to our technique. 

5. Comparison of the effects of four amines representative of these 
two groups, namely, cobefrine, neosynephrine, tyramine and ephedrine, 
in defibrinated blood, defibrinated blood freed of “ vasotonin ” by passage 
through the fiver, or heparinized plasma, with those of the same amines 
in Locke’s fluid alone, or modified by the addition of gelatin, thyroxin, 
insulin, posterior pituitary solution or barium, or by changes in calcium 
content, did not reveal a cause for the differences between the two groups. 

6. Use of pulsatile pressures, instead of steady perfusion pressures, 
and normal Locke’s fluid or Locke’s fluid containing ascorbic acid or 
curare, also did not significantly affect the differences observed. 

7. However, when adrenaline wasadded to Locke’s fluid, the responses 
to tyrarmne and ephedrine increased in proportion to the adrenaline 
concentration of the perfusion fluid. With a 1 : 2,500,000 concentration 

19—2 
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of adrenaline in the Locke’s fluid, the responses to these amines were 
comparable to those in defibrinated blood. 

8. These results are consistent with the hypothesis that the tyramme- 
ephedrine group of amines produce at least part of their vasoconstrictor 
action by blocking the local tissue mechanisms for inactivating adrenaline, 
thereby permitting increased local concentrations of this hormone, 
liberated from the sympathetic endings, or derived from the blood stream. 
The other group of amines appear to act independently of this mechanism, 
perhaps functioning qualitatively in the same way as adrenaline itself. 

9. The fundamental significance of the apparent correlation of the 
dependence of the vasomotor activities on the presence of adrenaline, 
their relative effectiveness, or lack of it, in the intact animal as compared 
with the perfused legs, and their behaviour after cocaimzation, appear 
to merit more extended study. 

The following firms or individuals supplied various amines gratis for this study I G 
Farbemndustne Aktiengesellschaft-Hoechst, and the Wmthrop Chemical Co , artcrenol, 
3-4-dioxyephednne, cobefinne, 1-m-oxyephednne, m ovynorephednne, o-oxyephednnc, 
Burroughs-Wellcome Co , epmine; Frederick Steams and Co , neosynophnne , Dr Gordon 
Alles, phenylethanolamme, Smith, Kline and French, parednne and benzedrine, Sbnrpo 
and Dohme, Inc , propadnne; Dr A Novelli of the Faculty of Medicine, Buenos Airc«, 
diphenylethylamino (1-3 diphenyl 2 ammo-propane). The remaining drugs were obtain 
from the usual commercial sources. 
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Goldblatt, Lynch, Hanzal & Summerville [1934] have shown that 
chronic arterial hypertension can be produced by permanent compression 
of the re nal artery. If the ischaemic kidney is extirpated or the arterial 
compression discontinued, the blood pressure returns to the normal level 
[Goldblatt el al. 1934; Dicker, 1937; Houssay & Fasciolo, 1937 a; Gold- 
blatt, 1937 ; etc.]. 

Houssay & Fasciolo [1937 6] grafted the ischaemic kidneys of dogs 
with chronic hypertension into the neck of normal or nephrectomized dogs. 
An imm ediate increase in blood pressure of 30-70 mm. Hg was observed, 
whereas no appreciable change was produced by grafting normal kidneys. 
Bouckaert, Grimson & Heymans [1939] have confirmed these findings 
which clearly demonstrate that ischaemic kidneys produce a pressor 
substance. 

With a different technique Houssay & Taquini [1938a] have studied 
the appearance of the active principle. Venous blood of ischaemic or normal 
kidneys was collected in a “ cava pocket”, diluted with citrate and Ringer 
solution and then tested on the Lawen-Trendelenburg preparation. The 
citrated plasma of the venous blood of ischaemic kidneys was found to 
produce vasoconstriction [Fasciolo, Houssay & Taquini, 1938]. 

Pressor or vasoconstrictor properties of the renal venous blood appear 
not only in chronic ischaemia of the kidney, but can also be detected a 
few minutes after the compression of the artery of a normal kidney 
[Enger, Linder & Sarre, 1938; Vemey & Vogt, 1938a; Grimson, 1939; 
Braun-Menendez & Fasciolo, 1939]. We have repeated and confirmed 
some of the experiments on the pressor and vasoconstrictor properties of 
the blood from ischaemic kidneys and studied some of the properties of 
the active substance of this blood. This substance was found to be different 
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of adrenaline in the Locke’s fluid, the responses to these amines were 
comparable to those in defibrinated blood. 

8. These results are consistent with the hypothesis that the tyramine- 
ephednne group of amines produce at least part of their vasoconstrictor 
action by blocking the local tissue mechanisms for inactivating adrenaline, 
thereby permitting increased local concentrations of this hormone, 
liberated from the sympathetic endings, or derived from the blood stream. 
The other group of amines appear to act independently of this mechanism, 
perhaps functioning qualitatively in the same way as adrenaline itself. 

9. The fundamental significance of the apparent correlation of the 
dependence of the vasomotor activities on the presence of adrenaline, 
their relative effectiveness, or lack of it, in the intact animal as compared 
with the perfused legs, and their behaviour after cocainization, appear 
to merit more extended study. 

The following firms or individuals supplied various amines gratis for this study: I.G. 
Farbenindustrie Aktiengesellschaft-Hoechst, and the Winthrop Chemical Co., arterenol, 
3-4-dioxyephedrine, c obefrine, 1-m-oxyephedrine, m-oxynorephedrine, o-oxyephedrine; 
Burroughs-Wellcome Co., epinine; Frederick Steams and Co., neosynephrine j Dr Gordon 
Alles, phenylethanolamine; Smith, Kline and French, poredrine and benzedrine; Sharpe 
and Dohme, Inc., propadrine; Dr A. Novelli of the Faculty of Medicine, Buenos Aires, 
diphenylethylamine (1-3 diphenyl-2-amino-propane). The remaining drugs were obtained 
from the usual commercial sources. 
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THE SUBSTANCE CAUSING RENAL HYPERTENSION 

By E. BRAUN-MENENDEZ, J. C. FASCIOLO, 

L. E. LEL01R and J. II. MUftOZ 

Instituto de Fisiologia, Facultad de Medtcina, Buenos Aires 
(Received 13 February 1940) 

Goldblatt, Lynch, Hanzal & Summerville [1934] Lave shown that 
chronic arterial hypertension can be produced by permanent compression 
of the renal artery. If the ischaemic kidney is extirpated or the arterial 
compression discontinued, the blood pressure returns to the normal level 
[Goldblatt et al. 1934; Dicker, 1937; Houssay & Fasciolo, 1937a; Gold- 
blatt, 1937; etc.]. 

Houssay & Fasciolo [19376] grafted the ischaemic kidneys of dogs 
with chronic hypertension into the neck of normal or nephrectomized dogs. 
An immediate increase in blood pressure of 30-70 mm. Hg was observed, 
whereas no appreciable change was produced by grafting normal kidneys. 
Bouckaert, Grimson & Heymans [1939] have confirmed these findings 
which clearly demonstrate that ischaemic kidneys produce a pressor 
substance. 

With a different technique Houssay & Taquini [1938 a] have studied 
the appearance of the active principle. Venous blood of ischaemic or normal 
kidneys was collected in a “ cava pocket”, diluted with citrate and Ringer 
solution and then tested on the Lawen-Trendelenburg preparation. The 
citrated plasma of the venous blood of ischaemic kidneys was found to 
produce vasoconstriction [Fasciolo, Houssay & Taquini, 1938]. 

Pressor or vasoconstrictor properties of the renal venous blood appear 
not only in chronic ischaemia of the kidney, but can also he detected a 
few minutes after the compression of the artery of a normal kidney 
[Enger, Linder & Sarre, 1938; Vemey & Vogt, 1938a; Grimson, 1939; 
Braun-Menendez & Fasciolo, 1939], We have repeated and confirmed 
some of the experiments on the pressor and vasoconstrictor properties of 
the blood from ischaemic kidneys and studied some of the properties of 
the active substance of this blood. This substance was found to be different 
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from the pressor kidney protein “renin ” which has been studied by Tiger- 
stedt [1897], Hessel [1938], Pickering & Prinzmetal [1938], Helmer & 
Page [1939], Swingle, Taylor, Collings & Ways [1939J, etc. But it was 
found that by the action of renin on blood proteins a substance is formed 
which has the same chemical and physiological properties as the pressor 
substance from the venous blood of ischaemic kidneys. This substance was 
named “hypertensin” [Braun-Menendez, Fasciolo, Leloir & Munoz, 
1939; Munoz, Braun-Menendez, Fasciolo & Leloir, 1939]. 

A. Properties of the venous blood of 

KIDNEYS WITH ACUTE ISCHAEMIA 
(1) Pressor action 

(a) Experiments with a kidney grafted into the neck of a normal dog. 
When a normal kidney was grafted into the neck of a normal or nephrec- 
tomized dog, no changes of blood pressure occurred. But if the renal 
artery of the graft was partially compressed, an increase in blood pressure 
was produced (about 30 mm. Hg in 5-6 min.). With a previous ischaemia 
of 60-90 min. the effect of the graft was greater. 

In order to study the pressor properties of the venous blood of these 
ischaemic kidneys, experiments were carried out as follows. The renal 
artery of a normal dog under chloralose anaesthesia was compressed. 
After 40-80 min. the kidney was removed and the renal artery connected 
to the carotid of a second dog. This second dog was previously treated with 
chloralose and an anticoagulant (chlorazol fast pink, 0-08 g./kg. body 
weight). The venous blood of the grafted kidney was then collected. The 
first 20 c.c. were discarded and the next portion (100 c.c.) flowing at a 
rate of 10-15 c.c./min. was kept for the test. Blood from the jugular vein 
or from the vein of normal kidney was used as control. When the blood 
pressure of the second dog was quite steady, the blood samples were 
slowly (1-2 min.) injected into the jugular vein. 

Experiments carried out in this manner showed that the blood of the 
ischaemic kidney always produced greater increases in blood pressure 
than the control blood (Table I). 

Table I. The action of venous blood of kidneys grafted into the neck 

Rise in blood pressure (mm. Hg) by 
injection of 20 c.c. of plasma 
■ , Averago 

Venous blood of 32 28 17 10 70 23 10 28-8 

ischaemic kidney 

Control blood 10 18 10 10 20 10 10 13-2 
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The compression of other arteries (femoral, duodenal) did not confer 
pressor properties on the corresponding venous hlood. 

(6) Experiments with Starling’s heart-lung preparation. The technique 
was as Mows: The heart-lung preparation was prepared m the classical 
manner using a reservoir of 1500 c.c. Defibrinated blood was circ 
for 90-120 min., a time which, as we have found, is sufficient for the dis- 
appearance of its vasoconstrictor action [Braun- Menendez & Fascio o, 
1939]. The left kidney of a large dog (15-18 kg.) was then extirpated and 



Fig. 1. The pressor action of hlood from ischaemic kidney. Dog, 14 kg., chloraiosed and 
nephrectomized. Femoral blood pressure (mm. Hg). Time in minutes. 1, intravenous 
injection of 15 c.c. serum of circuit’s hlood; 2, 15 c.c. serum of circuit’s blood after 
10 min. asphyxia of the heart-lung preparation; 3, 15 c.c. serum of venous blood of 
perfused ischaemic kidney. 

rapidly grafted to the arterial side of the heart-lung preparation following 
Vemey & Starling’s [1922] technique. The venous inflow and arterial 
pressure of the preparation were then regulated so that the flow through 
the kidney was from 100 to 250 c.e./min. according to its size. These 
conditions were maintained for 5 or 10 min., the kidney’s venous blood 
being returned to the circuit. After this time, samples of venous blood 
were collected and then ischaemia was produced by decreasing the venous 
inflow to the heart and the arterial pressure, or, if necessary, by com- 
pressing the tube leading to tbe renal artery. The renal blood flow was 
reduced to 10-20 % of the original value. The samples of venous blood of 
ischaemic kidney and in many cases control samples of blood from the 
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circuit were then collected, the blood was centrifuged and the serum, 
10-20 c.c., was injected intravenously into chloralosed dogs which 1 or 
2 hr. before had been injected with 5—10 c.c. of blood from the circuit. In 
this manner the shock that the injection of the serum samples would 
otherwise produce was avoided. 

The results are shown in Table II. 

Table G. The action of Tenons blood of kidneys perfused by the heart-lung preparation 

Rise in blood pressure (mm. Hg) per 20 c.c. serum injected 

- - - ■ - - - - 

xs blood of 28 31 17 42 70 32 30 40 13 25 30 22 40 12 18 37 53 53 53 30 

lemic kidney 

is blood of 8 10 20 . 16 12 .. 13 . 0 27 . . 

lal kidney 

from circuit . . . 12 14 12 13 26 13 6 0 10 20 0 20 22 30 . 30 10 

The pressor action, of the serum of ischaemic kidneys was rather pro- 
longed (Fig. 1) and was not greatly modified by previous section of the 
vagi, denervation of the carotid sinus, adrenalectomy or injection of 
atropine (1 mg./kg.), cocaine (10 mg./kg.), or Foumeau 933 (10 mg./kg.). 

(2) Vasoconstrictor action 

(а) Experiments with kidneys grafted into the neck of normal dogs. Fol- 
lowing exactly Houssay & Taquini’s [1938 a, h], procedure with the Lawen- 
Trendelenburg preparation, it was found that the citrated plasma of the 
kidney’s venous blood did not produce a vasoconstriction when the flow 
was normal. But after a few minutes of arterial constriction there was a 
clear effect which disappeared after the constriction was discontinued. 

However, this procedure is not quite free from errors, because by 
coagulation the blood acquires a strong vasoconstrictor action. The blood 
of ischaemic kidney is collected more slowly and therefore is more liable 
to coagulate. Even normal samples of blood collected in oxalate or citrate 
solution may produce vasoconstriction, although coagulation is hardly 
detectable. It was in order to eliminate this source of error that we used 
Starling’s heart-lung preparation as a perfusion system for the kidney. 

(б) Experiments with the heart-lung preparation. If defibrinated blood 
is circulated for 30-60 min. through Starling’s heart-lung preparation 
its vasoconstrictor action on the Lawen-Trendelenburg preparation dis- 
appears [Braun-Henendez & Fasciolo, 1939]. 

The samples of serum were mixed with 7 vol. of Kinger solution and 
perfused through the Lawen-Trendelenburg preparation. The serum 
obtained under the described conditions, from the blood of normal kidneys 
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with normal blood flow, bad no action, whereas that from the same kidney 
after 10-20 min. ischaemia produced an intense vasoconstriction. 

These results agree with those of Houssay & Taquini [1938 a, OJ. 
Yerney & Yogi [19386] observed a fall in blood-flow through the gut 
when a normal isolated kidney perfused by one heart-lung circuit was 
'switched to another by which an excised loop of gut was being perfused. 



Fig. 2. The vasoconstrictor action of blood from the iechaemio kidney. Perfhsion of the 
denervated leg of a dog with defibrinated blood: A, blood from the heart-lung circuit 
after functioning 1 hr.; B, venous blood of ischaemic kidney; C, venous blood of 
kidney with normal flow. 

In three experiments tbe vasoconstrictor (Lawen-Trendelenburg 
preparation) and the pressor action of different samples of blood were 
compared. It was found that both actions were parallel. 

A few perfusions of the denervated dog’s leg with defibrinated blood 
disclosed a marked vasoconstrictor action of tbe venous blood of ischaemic 
kidney. The decrease in venous flow was taken as a measure of vaso- 
constrictor action (Fig. 2). 
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(3) Other 'properties 

The usual plethysmographic methods did not reveal contraction of 
the leg or kidney or any alterations in the motility of the intestine. But it 
was found that the injection of blood from the ischaemic kidney produced 
a net decrease in the volume of the denervated spleen. 

No effect was observed on the denervated dog’s heart (heart-lung 
preparation). 

B. The pressor substance from the blood of the ischaemic kidney 
(1) Preparation of extracts 

Blood with pressor properties was obtained, as previously described, 
and centrifuged. The plasma or serum was then precipitated with 3 vol. 
of acetone. The filtrate was freed from acetone by distillation under 
reduced pressure and thoroughly extracted with ether, after making 
alkaline to phenolphthalein and then acid to Congo red. After neutralization 
and, if necessary, filtration, the solution was ready for injection. 

(2) Chemical and physiological properties 

Extracts of nineteen different samples of blood of ischaemic kidneys 
were injected intravenously into nineteen chloralosed dogs. In each case 
a control extract was prepared with blood from the carotid artery or the 
jugular vein or from the renal vein of non-ischaemic kidneys. 

The extracts from ischaemic kidney blood always produced a blood- 
pressure increase lasting 3^4 ruin. (Fig. 3), whereas the controls only 
produced it in four samples out of nineteen (Table III). 

Table III. Rise in blood pressure (mm. Hg) after injection of acetone extracts 

of 50 c.c. serum 

Ischnemic kidneys grafted into Ischaemic kidneys perfused by 

the neck of normal dogs a heart-lung preparation 

f, _A 

10US blood of 35 60 40 54 3S 62 16 20 46 22 20 30 20 20 25 30 35 15 

diaemic kidneys 

itrol blood .20 0-10 10 0 0 6 0 0 . 0 0 0 . 0 . ■ 

As large amounts of venous blood of ischaemic kidneys are difficult 
to obtain, only a few of the properties of the pressor substance were studied. 
These properties were found to be the same as those of the substance formed 
in vitro which are described later. 

The pressor effect was not modified if the dogs were previously treated 
with Fourneau 933 (Fig. 4). After the substance was subjected to N HCI 
at 100° C. for 2 hr., no great decrease in activity occurred. The substance 
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is insoluble in ether or amyl alcohol, soluble in urater, 96 % alcohol and 
glacial acetic acid and may be kept unaltered for long periods in solution 
or dried. 



Fig. 3. The pressor action of extracts from the blood of ischaemic kidneys. Dog, 6 kg., 
chloralosed. Double vagotomy and artificial respiration. Femoral pressure in mm. Hg. 
Time in minutes. Intravenous injection of acetone extracts of 50 o.c. serum: 1, of 
circuit's blood 1 hr. after completion of the heart-lung preparation; 2, of venous blood 
of perfused ischaemic kidney; 3, of circuit’s blood 3 hr. after completion of preparation. 



F >g. 1. Effect of Foumeau 033 on the pressor action of blood extraots. Dog, 8 kg., chlor- 
alosed and nephrectomized. Double vagotomy and artificial respiration. Femoral 
pressure in mm. Hg. Time in minutes. Between 2 and 3, intravenous injection of 
80 mg. of Foumeau 933. 1, intravenous injection of acetone extract of 50 c.c. serum 
from venous blood of ischaemio kidney; 2, the same after 10 min. at 100° C. at pH 2; 
3, the same; 4, 10/ig. adrenaline. 

The acetone precipitate of serum, after being washed with acetone 
and ether, dried and dissolved in 1 % NaCl solution, was also tested. It 
generally produced a decrease in blood pressure. 
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C. The pressor substance formed in vitro 

If blood serum is incubated at 37° C. with renin, a pressor substance 
is formed which is apparently the same as that which was found in the 
blood of ischaemic kidneys. 

A typical experiment is shown in Fig. 5. 



.1 . i 


Fig. 6. Formation of hypertenain in vitro. Dog, 12 kg., chloral oacd. Both vagi out. Arti- 
ficial respiration. Femoral blood pressure in mm. Hg. Time in minutes. l,20c.c. of 
horse serum and 0-5 c.c. renin solution incubated separately and mixed during pre- 
cipitation with alcohol; 2, the same incubated together 15 min. at 37° C. and then 
precipitated; 3, same as 1 but with bovine serum; 4, same as 2 but with bovine serum. 



various times. 


The same results were obtained with bovine, horse and dog serum. 
The necessary component was found to be a blood protein (pseudo- 
globulin) which is precipitated by half-saturation with ammonium 
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sulphate and not by dialysis. Haemoglobin, casein, milk serum, and egg 
or blood albumin were tested with, negative results. 

The time of reaction with the renin and its concentration have a gTeat 
■importance on the amount of pressor substance obtained. The effect of 
time is shown in Jig. 6. The formation is rapid and there is afterwards a 
gradual disappearance of the pressor principle. If the amount of renin is 
increased the amount of pressor substance is not greater but smaller, 
whereas with a constant amount of renin more substance is formed if the 
amount of blood globulins be increased. 

By incubation of blood globulins with renin which had been heated 
for 5 min. at 100° C. no active extracts were obtained. Many experiments 
were carried out using pepsin, trypsin or papain or extracts of liver and 
spleen instead of renin. With none of them was a clear formation of pressor 
substance obtained. 

The pH optimum is difficult to ascertain. By taking several points 
in the time curve (Fig. 6) with small amounts of renin, it was found that 
the formation of hypertensin is faster at a pH around 7. 

The amount of hypertensin obtained from 20 c.c. serum under the 
best conditions caused a blood-pressure increase of 20-30 mm. Hg and 
was considered as one unit. 


(1) Larger scale ‘preparation 

Blood globulins. Bovine blood (40 1.) was collected in the slaughter- 
house, 0-2 % potassium oxalate being added. After centrifugation, the 
plasma (about 20 1.) was precipitated with ammonium sulphate (400 g./l.), 
and filtered first through fluted paper and then through Buchner funnels 
m order to free it as much as possible from the residual liquid. The cakes 
were then dialysed overnight in cellophane bags against running water. 
The globulins (about 10 1.) were then filtered through muslin. 

Renin. Pig kidneys were finely minced, 3 vol. of 2 % NaCl and 5 % 
toluol were added and left overnight at room temperature. The toluol and 
fats were then skimmed off and the rest filtered through cloth. Acetic 
acid (o N) was added to the filtrate until it gave a green colour with brom- 
cresol-green. After centrifuging the yellow supernatant liquid was pre- 
cipitated with 380 g./l. ammonium sulphate. After filtering through 
buchnei funnels the cake was dialysed overnight. The liquid was then 
uttered : 1 c.c. corresponded to 3-4 g. fresh kidney and when injected 

intravenously into chloralosed dogs gave a rise in blood pressure of about 
uo mm. Hg. 
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H ypertensin. The amount of renin which is to be added depends on the 
activity of the preparation and was ascertained by small scale trials. 
Generally it was about 1 %. The renin was added to the blood globulins 
previously heated to 37° C. After 15 min. the liquid was poured into 3 vol. 
of boiling alcohol (96 %). When the mixture had boiled for several minutes, 
it was cooled and filtered in vacuo. The filtrate was evaporated to a small 
volume under reduced pressure. The water solution was then thoroughly 
extracted with ether and filtered. Three volumes of ethyl alcohol (96 %) 
were added and the solution left overnight at 4° C. After filtration, the 
solution was evaporated under reduced pressure. The turbid aqueous 
solution contains about 2000 hypertensin units with a dry wt. of about 
15 mg./unit. 

(2) Chemical properties 

The substance is very soluble in water and glacial acetic acid, soluble 
in 96 % alcohol and insoluble in ethyl ether, chloroform and amyl alcohol. 

It can be salted out from aqueous solutions by saturating with am- 
monium sulphate. It dialyses through cellophane and can be precipitated 
with phosphotungstic acid. In N HC1 at 100° C. the activity is completely 
lost after 3 hr. In 0*15 N NaOH at 100° C. activity disappears after 
10 min. Benzoylation by the Schotten-Baumann method inactivates 
hypertensin. 

A further purification can be obtained by extracting dry preparations 
with glacial acetic acid and precipitating with ether. This precipitate 
contains 1 unit in 3 mg. 

Salts of heavy metal were not found useful in the purification. 

(3) The destruction of hypertensin 

Hypertensin is a stable substance, but it is rapidly destroyed by tissue 
extracts. As shown in Fig. 6 hypertensin disappears after a certain time 
when the mixture of renin and blood globulins is incubated. If one unit 
of hypertensin is incubated for 15 min. at 37° C. with 1 c.e. of renin and 
afterwards heated for 5 min. at 100° C. to destroy the renin, no pressor 
effect is obtained on injection. If renin is boiled before the incubation it 
has no effect, whereas neither cyanide AI/200 nor anaerobic incubation 
inhibits the destruction. 

Extracts of liver and spleen, and commercial trypsin, pepsin and 
papain solutions were also found to destroy hypertensin. 

Blood serum also possesses this action: 2 c.c. of dog's, horse s or bovine 
serum inactivate hypertensin completely in 40-60 min. at 37° C., but not 



SUBSTANCE CAUSING RENAL HYPERTENSION 293 

at 4° C. The active fraction of blood was found to be precipitated by half- 
saturation with ammonium sulphate, but not by dialysis. 

Before injecting the hypertensin thus treated, proteins were removed 
by precipitation with three volumes of alcohol (96 %) and the latter was 
evaporated under reduced pressure. 

(4) Pharmacological properties 

Hypertensin, prepared as previously described, was used, the aqueous 
solution being previously neutralized and filtered. One unit was con- 
sidered as the amount which gave an increase of 20-30 mm. Hg in blood 
pressure. The responses of different dogs were somewhat variable. 



Fig. 7. Increases in Flood pressure produced by different amounts of hypertensin. 


Response to different doses. The increase in blood pressure, which lasts 
about .3—1 min., is proportional to the amount injected, as shown in Fig. 7. 

Injection into different blood vessels. Pressor effects were obtained when 
hypertensin was injected into veins (jugular or saphenous) or into arteries 
(aorta or carotid). The latent period depends on the site of injection, for the 
injection into the aorta it was 6 sec.; into the jngular vein, 15 sec.; 
saphenous vein, 18 sec. ; carotid artery, 35 sec. These results suggest that 
the hypertension is due to a vasoconstriction in the largest vascular beds 
(the splanchnic area and the limbs). 

Action on different organs. By the use of plethysmographs it was found 
that one unit of hypertensin decreases the volume of the spleen and of the 
kidney. The heart rate was not modified in vagotomized dogs. A small 
and retarded inhibitory effect on the movements of the intestine in situ 



294 


E. BRA UN-MENENDEZ AND OTHERS 


was found. This effect appeared 1 or 2 min. after the injection into the 
jugular vein, that is, when the pressor effect had already attained its 
maximum. Dilute hypertensin (1 unit in 200c.c. Dinger solution) tested on 
the Lawen- Trendelenburg preparation produced a marked vasoconstric- 
tion. No change in frequency or amplitude of contraction of the toad’s 
( Bufo arenarum Hensel) heart was produced even with concentrations 
of 1 unit in 100 c.c. Dinger solution. 

Repeated and continuous injections. It is known that renin, vaso- 
pressin, tyramine, “veritol” and many other substances produce a lesser 
effect, or none at all, after repeated injections, this state being known as 



Fig. 8. Continuous intravenous injection of hypertensin. Dog, 6-5 kg., ehlornloned. Double 
vagotomy. Artificial respiration. Femoral blood pressure in mm. Bg. Time in minutes. 
1, intra venous injection of hypertensin is started at a rate of 1 nnit/min.; 2, end of 
injeotion. 


“tachyphylaxis”. With hypertensin this does not occur. If the experi- 
mental conditions remain constant (blood-pressure level, degree of anaes- 
thesia) the injection of hypertensin always produces exactly the same 
response for the same dose, even if injections are repeated at short intervals 
over a long time (2 hr. or more). Continuous intravenous injection of 
hypertensin produces an increase in blood pressure which is maintained 
as long as the injection is continued (Fig. 8). 

The pressor effect is not modified by the destruction of the medulla, 
and the pithed dog has proved to be a good test owing to its low blood 
pressure and the constancy with which it is maintained. This shows that 
the action of hypertensin is peripheral and not central. Adrenalectomy 
does not suppress the pressor effect, although the response was smaller in 
dogs adrenalectomized 24 hr. before. The pressor action of hypertensin is 
therefore not due to a discharge of adrenaline. In an experiment after 
adrenojugular anastomosis hypertensin did not produce any appreciable 
discharge of adrenaline. 
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Influence of drugs. The previous injection ofRourneau 933 (10 mg./kg.) 
does not modify the pressor action of hypertensin, whereas it reverses the 
action of adrenaline, tyxamine and urohypertensin. . „ 

The previous injection of cocaine (10 mg./kg.) and veritol (50- 
60 fig./kg.), especially the latter, reinforces the action of hypertensin. 
Atropine (1 mg./kg.) has no action and pyrogallol (20 mg./kg.) slightly 
reinforces the action. 

The action of renin. Renin can be easily distinguished from hyper- 
tensin by chemical methods, but their pharmacological properties are 
very similar. Cocaine and Fouxneau 933 have the same influence on both. 
The increase in blood pressure, produced by a single injection of hyper- 
tensin, lasts a shorter time than that of renin but, by continuous injection, 
the pressure curves can be made equal. 

Renin diluted with Ringer solution 1 in 50 has no vasoconstrictor 
action on the Lawen-Trendelenburg preparation. Horse’s serum (diluted 
with Ringer solution 1 in 8) also has no action. But if a mixture of both 
is incubated for about 15 min. at 37° C. a strong vasoconstrictor effect is 
observed on perfusion. 

The rise in blood pressure due to the injection of renin appears gradu- 
ally, while that due to hypertensin has a very short latent period. 

Discussion 

The substance extracted from the venous blood of ischaemic kidney 
has the same chemical and pharmacological properties as the substance 
formed by the interaction of renin and blood globulins, and it can be 
assumed that it is the same substance, which may be called hypertensin. 

We may assume that renin is an enzyme whose substrate is a blood 
protein belonging to the pseudo-globulin fraction, the reaction product 
being hypertensin. 

Several facts are in favour of this interpretation. Boiled renin does not 
liberate hypertensin when incubated with blood globulins. If the amount 
of renin is increased, the yield in hypertensin does not increase but 
decreases. This is due to the occurrence of two simultaneous reactions: 
the formation of hypertensin and its disappearance, the latter being 
produced by renin or by some other enzyme present in the preparations 
we have used. 1 

If a constant amount of renin is incubated with variable amounts of 
globulins, the amount of hypertensin formed is roughly proportional to 
the amount of globulins. 

1 See note at the end of this paper. 


fH. Xcvm, 


ftA 
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There appears to be a certain specificity for the substrate (blood 
pseudo-globulins), as no hypertensin is formed if they are replaced by 
other proteins such as serum, albumin, haemoglobin, or by milk or egg 
proteins. On the other hand, renin cannot be replaced by other enzymes 
(pancreatin, pepsin, papain) or extracts of liver or spleen. Proteolytic 
activity could be revealed in our renin preparations either by the clotting 
of milk or by Anson’s haemoglobin method [1938] as described for eathep- 
sin. Whether renin is the same enzyme as kidney cathepsin is a problem 
which will require further investigation. 

Some of the chemical properties of hypertensin— the insolubility in 
organic solvents, the inactivation by acids and proteolytic enzymes— 
seem to indicate that it is a polypeptide. It can easily be shown that it is 
different from vasopressin because it is much more stable towards acids. 
Its effect appears unchanged when tested on dogs treated with Fourneau 
933 which leads to an inversion of the action of tyramine, adrenaline, 
“ veritol ” and urohypertensin, which can also be distinguished by chemical 
methods. 

Does renin produce a direct increase in blood pressure, or does it act 
through the formation of hypertensin? In the Lawen-Trendelenburg 
preparation, renin has no action provided that the concentration is not 
too great. Blood globulins alone also have no action, but if they are 
previously incubated with renin, a strong vasoconstrictor action appears. 
Similar experiments by perfusion of a dog’s tail are reported by Kohl- 
staedt, Helmer & Page [1938], their interpretation being that there occurs 
an activation of renin by blood proteins. The increase in blood pressure 
produced by renin is more gradual and of longer duration than that which 
follows a single injection of hypertensin. But it was found that by con- 
tinuous injection of hypertensin a curve similar to that of renin was 
obtained. It is therefore more likely that both vasoconstrictor and pressor 
actions of renin are due to the formation of hypertensin. 

Renin can be extracted from normal kidneys, but little or no hyper- 
tensin appears in the venous blood of the normal kidney; but after ischaemia 
hypertensin is produced and can be shown to exist in the venous blood. 
This difference may be due either to an activation of the enzyme or to a 
longer contact between enzyme and substrate. 

Renin might be in an inactive state in normal kindey, the activation 
being produced by ischaemia or during the process of extraction. Reducing 
agents are known [cf. Bersin, 1935; Hellerman, 1937; etc.] to activate some 
proteolytic enzymes such as papain and cathepsin, and a process of 
reduction is quite likely to occur during ischaemia and during the extrac- 
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tion of renin. On the other hand, during ischaemia, the time of contact 
of blood with renin is probably longer and therefore hypertensin might 
be formed. Still another possibility is that ischaemia produces certain 
changes in the renal tissue, bringing renin into closer contact with the 
blood globulins. 

Summary 

The pressor and vasoconstrictor properties of the venous blood from 
kidneys in acute ischaemia have been studied. Extracts of this blood 
contain a pressor substance (hypertensin) which is also formed in vitro 
when blood proteins are incubated with renin. 

Some chemical and pharmacological properties of hypertensin have been 
studied and found to be different from those of other known substances. 

Experiments are reported which indicate that renin is an enzyme, 
blood pseudo-globulins the substrate and hypertensin the reaction pro- 
duct. Hypertensin disappears if the reaction is permitted to go too far 
and it is also inactivated by other proteolytic enzymes and by blood. 

The pressor action of renin appears to be due to the formation of 
hypertensin in blood and a similar mechanism is suggested for arterial 
hypertension due to renal ischaemia. 


The authors ms h to express their thanks to Prof. B. A. Houssny for his helpful advice 
cn icism, and to 0. Chaves and A. Bernardez for their invaluable help. 
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It is usually assumed that the polarization of the bounding membrane 
of nerve and muscle fibres, and the consequent manifestation of a resting 
or •‘injury"’ potential, may be ascribed to the differential permeability of 
the membrane to the various species of ions which are found in the intra- 
and extracellular fluids. To be more precise, it is suggested that the 
membrane is almost impermeable to anions, very slightly, if at all, 
permeable to the larger cations (including Ha"). but freely permeable to 
K" and H". The action potential, on which the conducted impulse of the 
tissues probably depends [see Hodgkin, 1937, and others], is produced, 
then, by a momentary change in these properties of the membrane, 
which, during the passage of the impulse, is freely permeable to all ions. 
A full discussion of the theory, together with some new evidence, is given 
by Hober, Andersh, Hober & Xebel [1939]. 

Hitherto the electrical phenomena have been studied most closely in 
nerve, and the distribution of electrolytes in muscle, so that no really 
complete attempt has yet been made to discover whether the magnitudes 
of the resting and action potentials agree with that of the diffusion 
potential which might be expected from the distribution of electrolytes. 
Cowan [1934] estimated that the concentration of potassium was 13 
times as great inside as outside the axons of the crab Maia. This would 
give a maximum possible injury potential of 64-6 mY., whereas the 
greatest potential which he observed was 42-1 mV. It now seems probable 

1 Overseas Scholar of the Royal Commission for the Exhibition of 1S51. 

1 EeHo-s- of Magdalen College, Oxford. 
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that his estimates both of the internal potassium concentration and of 
the injury potential are much too low. Fenn, Cobb, Hegnauer & Marsh 
[1934] have made careful estimates of the amount of potassium in whole 
nerves of frogs and Crustacea, and hence, on the assumption that all the 
chloride is outside the nerve fibres, of the internal potassium concen- 
tration. But the assumptions involved are so uncertain that it is not 
possible to accept with confidence the vipw of Brlanger & Gasser [1937], 
based on these analyses, that the internal potassium concentration is 
65 times as great as the external, and able therefore to give a diffusion 
potential of 118 mV. 1 

In fact all previous attempts to establish a quantitative co-ordination 
between electrolyte content and action potential have met with the 
difficulty that, since they were made on whole nerve trunks, there was 
present a considerable volume of intercellular fluid, fibre sheaths and 
connective tissue elements interspersed among the fibres. Thus on the 
one hand the observed potentials were, on account of short-circuiting, 
less than those produced at the surface of individual fibres, and on the 
other hand there was introduced into the chemical analyses an error 
which is considerable and difficult to assess. 

These difficulties may be eliminated by using the nerves of the squid, 
as it is possible to isolate a single giant fibre from all associated tissues 
(with the exception of a thin sheath), measure its potential, and then 
submit it to chemical analysis. This has been done for a number of 
fibres, and the results are presented below. It must be emphasized that 
the relation between action potential and potassium concentration 
gradient has been determined separately for each individual fibre; there 
has been no averaging out of results. 

At the same time Hodg kin & Huxley [1939] have investigated the 
absolute magnitude of the action potential, especially as recorded by 
means of an electrode inside the axoplasm. The maximum potentials 
which they observed in this way make available for the first time for 
correlation with the electrolyte concentrations a reliable estimate of 
the value of the action potential. 

Unfortunately the work was terminated by the outbreak of war, 
which rendered the capture of further squids impossible, so that the 
number of fibres dealt with is much smaller than might have been wished. 
Nevertheless, the results are sufficiently consistent to afford a basis for 
discussion. 

1 In any caso this figure is erroneous. A concentration ratio of 05 could giro riso to a 
diffusion potential of only 105 mV. at a temperature of 20° C. 
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While this work was in progress a paper by Bear Sc Schmitt. [1939] vras 
published, in -which similar analyses of the giant fibres of a closely related 
species. Loh'go jpealii, -were given, though ■without any attempt to corre- 
late them -with the action potential. On all essential points we find our- 
selves in agreement -with their conclusions; such minor differences as 
exist are discussed below. The number of their analyses is far greater 
than that of ours, but the amount of variation in the figures for their 
different batches (each of which represents several fibres analysed 
together) would seem to indicate that experimental error is on the whole 
likelv to be greater than errors of sampling. On the other hand it is 
probable that our analvtieal methods were the more satisfactory; the 
fact that Bear & Schmitt obtained average values for the K/Cl and 
Total base/Cl ratios in sea water of 0-0257 and 0-0296, whereas the true 
values are 0-0201 and 0-0312 [see Webb, 1939], suggests tbe possibility 
of systematic errors, particularlv in tbe potassium determinations. Bear 
<fc Schmitt deduced the composition of the axoplasm by analysing first 
the whole fibre, and then the sheath from which the axoplasm had been 
extruded. Our method for correcting for the sheath is indirect. Neither 
method is wholly satisfactory; onxs rests on assumptions which are 
plausible but cannot be directly proved, while that of Bear <5c Schmitt 
is open to suspicion on account of the figure (almost certainly too high) 
which they give for the concentration of chloride in the sheath. The 
volume of the sheath is, however, so small in comparison with that of the 
axoplasm that errors in making allowance for it are not likely to affect 
seriously the figures calculated for the axoplasm. 

During this investigation special attention was paid to the state of 
the fibres before analysis, and the action potential of each fibre was 
tested along its whole length before it was dried for analysis. Each 
fibre was then analysed individually to allow of a comparison between 
the observed action potential and that which could be obtained as a 
diffusion potential from the observed potassium content. 


Methods 

The fibres were dissected out, and tbe action potentials recorded at 
Plymouth; the chemical analyses were carried out at Cambridge. The 
hmdmost stellar nerve was removed from a freshly killed squid (Loligo 
/wferi). caw being taken to cut all branches as Ions as possible and to 
avoid bating of the nerve. The ends were tied with fine cotton before 

r^.\ an i nerVC theQ ******* ^t by means of the threads in a 
r-tn dish filled with off-shore sea water. 
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The giant fibre ^as carefully dissected away from the smaller fibres 
in the nerve by means of a dissecting microscope, fine scissors, watch- 
maker s forceps and a very fine, sharp cornea knife. The procedure 
adopted was to cut transversely across a bundle of the smaller fibres close 
to the end of the nerve, and then, holding this bundle of small fibres with 
the forceps, to separate it gently from the giant fibre, cutting downwards 
with the cornea knife against the bottom of the dish. On reaching a 
point at which the giant fibre branches great care is taken to clean the 
branch, which must be cut long , otherwise the main fibre is apt to be 
damaged by the out. By carefully working up and down the length of 
the giant fibre in this way the small fibres can be wholly removed in 
2-3 hr. The best results were obtained by using a standard technique, in 
which the fibre was cleaned first from its upper outer edge downwards, 
and then from its lower inner end upwards. The final stages of the clean- 
ing are very laborious, and small pieces of connective tissue were still 
left adherent even after the best dissections, especially near the points 
of branching. In all cases these were reduced as much as possible, and 
their volume must be very small in relation to that of the fibre. 

After dissection the fibres were tested on the oscillograph, using 
an arrangement of non-polarizable electrodes similar to that described 
by Hodgkin [1938]. In order to avoid contamination of the surface tbe 
fibres were not raised into oil but into air. The maximum action potential 
of 83-5 mY. observed with this procedure is little less than the “80- 
95 mY.” obtained by Hodgkin & Huxley [1939] by means of an internal 
electrode. The figures given here for the action potential are therefore 
likely to be only slightly less than the maximum that could be obtained 
from the fibres. 

Except for the first two fibres studied, only those parts which gave 
an action potential of 60 mY. or more were used. The first two, though 
showing no visible signs of injury, gave only local potential responses. 
In the other cases lengths up to 10 cm. were obtained which gave action 
potentials of over 60 mV. throughout their length, and had a wet weight 
of up to 23 mg. 

After the oscillograph record had been taken the fibres were in some 
cases washed for 2 min. with two changes of a sucrose solution isotonic 
with the sea water; in other cases they were taken direct from sea water. 
The significance of these two series is explained later. In either case the 
fibre was carefully blotted twice on filter paper, lifted at one end, and the 
ligature at the other end cut off with dry and very fine scissors. The 
severed end was allowed to fall on to a small slip of Monax glass, formed 
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by blowing out a thin bulb from the end of a tube and breaking it into 
fragments. The fibre was then laid on this slide in loops, and finally the 
remaining ligature cut off, the slide placed in a small Monax tube, and 
the whole weighed immediately on a short-arm micro-balance. The fibres 
were then dried for 3 hr. at 105° C. and the tube weighed once more and 
finally sealed off for storage and transport. The slide and tube, which had 
been freed from soluble material by treatment with nitric acid followed 
by rinsing in distilled water and steaming, were weighed together on the 
micro-balance before the fibre was dissected, so that by this means the 
wet and dry weights of the fibre were obtained. The latter was also 
determined again at Cambridge by weighing the glass slip with the dried 
fibre attached, and reweig hing after the fibre had been washed off for 
analysis. The two deter min ations of the dry weight agreed, in all cases 
but one, to within 0-02 mg. 

The following experiment shows that a short immersion in isotonic 
sncrose solution, though it temporarily sends up the resting potential 
and abolishes the irritability, brings about no irreversible change in the 
properties of the fibre, and may therefore be presumed not to lead to the 
loss of any electrolytes. 


Fibre excitable in central region only. 

7.16. Action potential in sea water 63 mV. 

7.20. Action potential in sea water 59 mV. 

Resting potential in aea water 28 mV. 

7.21. Sucrose solution dropped on fibre near tbe electrode, sucked off and replaced by 
a fresb drop. Threshold rises, and fibre becomes inexcitable in 1 min. Resting potential 
rises steadily to 48'5 mV. 

7.26, Fibre replaced in sea water. With half a minute excitability is recovered. 

Action potential 56 mV. 

Resting potential 28 mV. 

N.B. The ahsolute value of the resting potential is of no significance, as it was measured 
with respect to the inexcitable region, which was probably not wholly “dead”. 


Some fibres were used for the determination of chloride; otheis for 
determination of potassium and total base. 

Chloride estimations were performed by the micro-diffusion method 
of Conway [1935], the iodine being estimated titrimetrically against 
0-05 N sodium thiosulphate, delivered from a Rebberg micro-burette. 
The slip on which the fibre bad been dried was soaked for half an hour 
m the outer compartment of the Conway unit in 1 ml. of water before the 
ot er reagents were added. Several blanks were carried out; their mean 
va ue was equivalent only to 0-4 ^g. of CL Trials with standard sodium 
chloride solution showed that the analytical error seldom exceeds 2%. 
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For the determination of potassium and total base the fibres ■were 
detached from the glass slips by warming them in a mixture of dilute 
sulphuric and nitric acids in a silica crucible of 5 mb capacity. When 
most of the organic matter had been destroyed the glass slip was removed 
with wax-tipped forceps and washed with a fine jet of distilled water. 
The contents of the crucible were evaporated down, heated cautiously 
at 300° C. to drive off the excess sulphuric acid, and then ignited for half 
an hour at 800° C. in an electric furnace. At this temperature the biBul- 
phates are completely decomposed, but there is no risk of volatilization 
of the sulphates. The crucible was then weighed on a micro-balance, and 
reweighed later after the sulphates had been washed out for the potassium 
determinations. From the difference in weight, which represents the 
weight as anhydrous sulphates of the total base present in the fibre, it 
is possible to calculate the total base in milli-equivalents with con- 
siderable accuracy, even without precise information as to the relative 
abundance of the different bases. Since the potassium is determined 
later the weight of potassium sulphate can be calculated. The difference 
between this and the total weight of sulphates may be presumed to be 
accounted for by sulphates of Na, Ca and Mg. One equivalent of each 
of these three bases yields 71-0, 68-1 and 60-2 g. of sulphate respectively. 
If a mean figure of 68 is taken as a basis for calculation it is extremely 
unlikely that the error arising from unexpectedly large quantities of Na 
or Mg will exceed 4% in the estimation of Na + Ca-f Mg as equivalents, 
and therefore should not exceed 2 % in the estimation of total base. 

The determination of potassium was performed by the method of 
Robertson & Webb [1939] (precipitation as potassium silver cobaltini- 
trite, which is estimated by titration with ceric sulphate). The quantities 
and volumes of all reagents were halved, since the potassium to be 
estimated was only of the order of 0-15 mg. The final titration was 
carried out with 0-006 N ferrous ammonium sulphate. A blank was 
carried out by washing out one of the Monax tubes, containing a glass 
slip, with a known quantity of standard potassium sulphate solution. 
The result was indistinguishable from a direct analysis of the same 
amount of potassium. Since at least two standards were analysed with 
each fibre the method may be considered to be free from systematic 
errors; fluctuating errors are usually less than 2%. 
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Allowance for sheath and external film of fluid 

The sheath by which the giant fibre is surrounded consists mainly of 
concentric collagenous lamellae; between these and the axoplasm lie the 
yen' thin metatropic layer and a “protoplasmic” layer in which nuclei 
are imbedded [Bear, Schmitt & Young, 1937]. It is reasonable to assume 
that the bulk of this sheath becomes rapidly permeated by whatever 
solution bathes it; in other words that the effective barrier to permeation 
lies at the surface of the axoplasm. This is the basis of our method for 
correcting the results for the volume of the sheath and of the thin film of 
fluid which persists on its surface even after blotting. Two fibres (nos. 1 
and 2, Table I), which had come from sucrose solution, and two (nos. 4 
and 7), which had come straight from sea water, were analysed for 
chloride. The former gave a mean value of 2-88 fig., and the latter of 
4-77 fig. per mg. of total wet weight. The difference represents the 
chloride present in the sheath and surface film of the fibres from sea 
water. Since the sea water contained 19 g. Cl per litre we may calculate 
that for each mg. of total wet weight there is present 0-099 cm of 
sheath plus external solution. From this the necessary corrections to 
the wet weight, dry weight, total base and chloride content of each of 
the fibres can be calculated. It is assumed that this 0-099 c.mm. of fluid 


is associated with 0-015 mg. of collagen, this being the approximate ratio 
between water content and dry weight in connective tissue. 

The figures thus arrived at (axoplasm 88-5%, sheath 1T5% of the 
whole) are supported by histological data. Examination of a number of 
sections of giant fibres, fixed, embedded and stained in various ways, 
showed that the average thickness of the sheath is 6-5-7 % of the radius 
of the whole fibre (including sheath), and therefore that the relative 
volumes of the sheath and axoplasm are as 12-5 to 87-5. Fig. 2 in Bear 
et A. [1937], which is of a section cut very close to the ganglion, and 
selected in order to show the details of the sheath structure, is quite 
misleading with regard to the relative volumes of axoplasm and sheath 
over most of the course of the fibres. A better idea is given by Fig 1 in 
Bumphrey A Young [1938], ~ ' ° 


Bear & Schmitt [1939] found that the axoplasm which they extruded 
represented only 82 % of the weight of the fibre. It is probable however 
that some axoplasm adheres to the inside of the sheath; it is also possible 
that they did not carry the dissection of the fibres to the maximum 
possible extent. There is therefore no need to assume any discrepancy 
between the two sets of figures in this respect. P T 
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Results 

The individual analyses are set out in Table I, and summarized for 
comparison with those of Bear & Schmitt in Table II. It will be seen 
that we find a chloride concentration in the axoplasm equivalent to 20% 
of that in sea water, and a potassium concentration 29 times as great as 
that in sea water. The corresponding figures of Bear & Schmitt are 
25-5 % and 26 times. The only serious discrepancy lies in the figures or 


Tabi.e I 


No. of fibre 
Taken from 


Wet weight (mg.) 

Dry weight (mg.) 

Weight of ash as sul- 
phates (mg.) 

Total K (fig.) 

Total Cl (fig.) 

Wet weight of axoplasm 
(mg.) 

Dry weight of axoplasm 
(mg.) 

Dry weight of axoplasm 
as % ofwet weight 
Weight of intracellular 
water (mg.) 

Extracellular ash as sul- 
phate (mg.) 
Extracellular Cl (fig.) 
Intracellular Cl (m.cq./ 
kg. water) 

Intracellular K (m.eq./ 
kg. water) 

Total base (m.eq./kg. 
water) 

Maximum potential at- 
tainable by diffusion of 
K' (mV.) 

Maximum action poten- 
tial observed (mV.) 


1 

2 

3 

4 

5 

6 

7 

Sucrose 

Sucrose 

Sucrose 

Sea 

water 

Sucrose 

Sea 

water 

Sea 

water 

8-078 

8-222 

8-814 

11-105 

8-650 

17-677 

7-425 

1-296 

1-530 

1-007 

1-540 

1-445 

2-308 

1-034 

— 

— 

0-220 

— 

0-201 

0-625 




54-5 



04-7 

167-6 

— 

21-4 

25-5 

— 

45-9 

— 

— 

40-1 

7-028 

7-153 

7-608 

9-773 

7-526 

15-659 

6-534 

0-971 

1-207 

1-254 

1-318 

1-099 

1-955 

0-880 

13-8 

10-8 

10-3 

13-5 

14-0 

12-0 

13-0 

6-057 

6-940 

0-414 

8-400 

6-427 

13-004 

5-648 




0 

— 

0 

0-072 

— 

0 

0 


20-9 



— 

14-0 

100 

121 

— 

83-2 

— 

— 

130 



— 

218 

— 

258 

314 

— 



— 

460 

— 

389 

610 

— 

— ■ 

— 

78 

— 

82 

87-5 

— 



63 

83-6 

73 

83-5 

73 


8 9 
Sucrose Sun 


11-722 23-1 


1-914 

0-323 


101 


10-200 

1-445 

14-2 

8-755 

0 


295 

400 

8 - 7-5 


S2 


3-1 

0- 


2C 


204 


1 - 

17- 


total base; we find this to be 20% lower in ^ a^plasm than in sea 

water, whereas Bear & Schmitt find l1; e /° | t o say which of 

water, though slightly lower than in the blood. It i s h ^ 
these is more likely to be correct; instances maj » revcal a tota l base 
of analyses of the tissues of marine: “ oBu ^ * lowcr [M’Cance & 
content far higher [M’Cance & Shackleton, 193,] or far L 
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Shipp, 1933; Kiogh., 1938a] than that of the sea water m which the 
animals were living. Cowan [1934] and Schmitt, Bear & Silber [1 ] 

found the concentration of total base in the whole nerves of Crustacea 
to be almost identical with that in the blood and in sea water. It is 
probably best to assume that the same is true in Loligo, and that a figure 
intermediate between ours and that of Bear & Schmitt is correct. 


Table n. Figures are expressed 
Webb 

i 

Axo- 

plasm 


Cl (uOL) 109 

K (mil.) 279 

Total base (m.eq.) 477 

Sum of ions accounted for (mil.) 56of 

Anion deficit (total base - Cl) (m.eq.) 38S 


a mil. or m.eq./kg. of water 
t Young Bear & Schmitt [1939] 

.v » — — 


Sea 

water 

Axo- 

plasm 

Blood 

Sea 

water 

540 

130 

530 

510 

9-7* 

310 

17 

12 

597* 

620 

670 

540 

1102* 

715f 

1130f 

995t 

57* 

490 

140 

30 


* Calculated from the clilorinit v in accordance with the established ionic ratios, 
t These figures are subject to some uncertainty, as it is not known how much of the 
base other than li is univalent { Xa ) and how much bivalent (Ca — Mg). In calculating our 
own figure it has been assumed that the ratio of Xa to Ca +Mg is the same in the axoplasm 
as in sea water, so that the mean valency of the bases other than K is 1-12. The figures of 
Bear & Schmitt (which were given a3 750, 1200 and 1050 mil. for axoplasm, blood and sea 
water respectively, on the assumption that all the base is univalent) have been emended 
accordingly. This procedure is obviously justifiable for rea water, probably also for the 
blood, which, judging by the data available for other molluscs [see Krogh, 1939, p. 56], is 
not likely to differ much in composition from sea water, and with respect to the axop'asm 
seems to be more plausible than assuming complete absence of bivalent bases. 

X O f this over 55 m.eq. is accounted for by SO t — , the remainder by HCO a '. 


It will be noticed that Bear & Schmitt provide analyses of the blood 
for comparison with those of the axoplasm. We have not done this, since 
for our immediate objective — the determination of the physico-chemical 
basis of the action potential — it is irrelevant; the potential is measured 
when the nerve is bathed not with blood but with sea water. But for 
general questions of electrolyte equilibria at the cell surface it is of 
course with the blood that the axoplasm must be compared. A difficulty 
lies in the fact that Bear & Schmitt do not state whether they irrigated 
the nerves during dissection with blood or with sea water; if, as is 
probable, it was with the latter, it is uncertain to what extent the com- 
position of the fibre may have altered by reaching a new equilibrium 
with its changed environment. In the case of our fibres, which had 
always been bathed in sea water for at least 2 hr. before being dried for 
analysis, it might be supposed that re-equilibration was fairly°complete 
but it is impossible to speak with any certainty. In any case it seems 
that except for the calculation of the potassium ratio the differences in 

compos.tion between the blood and sea water are not sufficient to give 
rise to any serious errors. ® 
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Discussion 

(1) Action potential. The last two lines of Table I show that there is 
(rood agreement between the action potentials observed and the diffusion 
potentials which would arise if the membrane separating the axoplasm 
from the sea water were permeable only to potassium ions an were 
rendered permeable to anions during the passage of ^he nnpulse. iliese 

have been calculated from the formula E=—^r 1°6« [K'jhutaido ’ 

20° C. becomes £ = 58 log 10 mV. The observed potentials are 

on the average 7-5 mV. below the calculated ones. This may te ascnbe 
to various causes, of which the most important is probably the short- 
circuiting between the electrodes, which were placed, of course on 
outside of the fibres. In no case was the observed potential greater 
that calculated from the potassium concentration but it must her > 
bered that, using internal electrodes, Hodgkin & Huxley [ J b 
potentials as high as 95 mV., that is to say greater than oauHb^ 
explained by any of the potassium concentrations found 
of fibres here analysed. It would appear, tWoi re, i of 
potassium ions is the principal factor responsible for the 
the action potential, but that there may be other as yet unhn 

agencies which raise it by about 10 mV . difference 

The figures quoted for the action potential denote to***** 

between the resting potential and the summit of the spike. P ^ 

of the impulse the potential returns to a figure 15 mV. or more 
that of the resting potential (the “positive after-potentid ),and on y 

gradually returns to its initial value. The o j wou id 

be as great as 105 mV.; to obtain this as a diffusion P^ ' 
require a ratio of internal to external potassium concentrations ^ 
which is out of the question. It is clear that the P roceS8 ^ P f 
the phase of after-positivity cannot be the migration of potassium 

aCr (2) 'nT^lZZial. Hodgkin & Huxley find that the resting 

potential is about 50 mV. This figure is f “^^Tce by^he amo^t 
It differs from the true potential across the the inter nal 

of the liquid junction potential between e s P ns t0 

sea-water electrode. The sign o this one; for the 

make the real resting potential greater th P comparison with 

greater mobility of K‘ (dominant in the axoplasm) ^ of 

Na* (dominant in the sea-water elec ro ) tl f c ax0 plasm (which 

the anions of sea water m comparison with those in 



309 


ELECTROLYTES AND ACTION POTENTIAL 

axe largely unkn own, but almost certainly less mobile than Cl ) will both 
tend to render the internal electrode positive with respect to the axoplasm. 

The magnitude of the correction is far more difficult to assess, ideally it 
should, of course, be such as to make the resting and action potentials 
identical, so that at the top of the curve the potential across the surface 
is zero. This would imply a liquid junction potential of 35-40 nil 
which seems improbably high. Some more definite indication as to the 
nature of the missing anions in the axoplasm is necessary before any 
conclusion can he reached on this point. 

If the resting potential arises entirely from diffusion of potassium 
ions it should be possible to abolish it, or even to reverse it, by raising 
the concentration of potassium in the surrounding solution. We have not 
had an opportunity of performing any experiments of this type, but 
Cowan [1934], working on the nerves of Maia, found that as the potassium 
content of the surrounding solution was raised the resting potential fell 
off, until at a concentration of 17 to 26 times the normal it vanished. 
This figure is approximately what would be expected from the internal 
potassium concentration which we and Bear & Schmitt [1939] have 
found in Loligo. Cowan’s figure of 13 for the potassium concentration 
ratio is of course too low; since the nerve he used contains about 65% 
axoplasm [Young, 1936] the true ratio is presumably about 20. He found 
that even an external potassium concentration of 50 times the normal did 
not produce a reversal of potential, Cowan’s explanation of this in terms 
of a Donnan equilibrium can hardly be adequate, since for the establish- 
ment of such an equilibrium it is necessary that the membrane should be 
permeable to at least one species of anion. It is more likely, as Hober 
ef al. [1939] suggest, that the cytolytic effects of such high potassium 
concentrations render the membrane much more permeable, and thus 
prevent the realization of any such potential reversal. 

(3) Iniracdhilar chlorides. The agreement of our results with those of 
Bear & Schmitt leave little doubt that the axoplasm contains chlorides 
at a concentration of about 0-12 IT. There is a considerable body of 
evidence for supposing that the cells (other than erythrocytes) of verte- 
brates, or at any rate of mammals, are chloride &ee [see Fenn, 1936 for 
discussion], but the indiscriminate extension of this principle has recently 
been contested by Krogh [1938a, 19386] and by Conway and his school 
[Conway & Cruess-Callagban, 1937; Conway & Boyle, 1939; Conway 
Kane, Boyle & O’Reilly, 1939]. According to Krogh [19386] “while "it 
may be true that Cl is not normally present inside muscle fibres in 
mammals and perhaps even m frogs it is very doubtful if this holds for 
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tissues generally, even in mammals, and it is certain that it does not hold 
for a probably very large number of lower animals”. It seems possible 
that the distinction lies not between higher and lower animals as such, 
but between those forms (vertebrates and non-marine invertebrates) in 
which the anionic concentration of the body fluids is sufficiently low 
(ca. 0-2 M) to be entirely replaced inside the cell by protein, phosphates, 
bicarbonates and organic anions, and marine invertebrates, in which the 
anionic concentration of the body fluids is so high (ca. 0-6 If) that inside 
the cell some chloride is required to make up the total. On the other hand, 
recent analyses of the muscle of Loligo [Manery, 1939] and the nerve of 
Homarus [Schmitt et al. 1939] suggest that in these tissues the concentra- 
tion of intracellular chlorides is much less than that in the axoplasm of 
Loligo, and is perhaps little greater than that in the cells of vertebrates. 

The claim of Conway and co-workers to have demonstrated the 
presence of chloride in the fibres of the frog’s sartorius is of importance 
with reference to the properties of the membrane and the mechanism 
of potassium accumulation, but the normal concentration of intracellular 
chloride would appear to be so small (not more than 4 mM., and perhaps 
less than 2 mM./kg. water) that, in the drawing up of osmotic and 
electrolytic balance sheets, it may be ignored. Conway & Boyle claim 
that the product of potassium and chloride concentrations inside and 
outside the fibre are equal. It is clear from our figures that this rule does 
not apply in the case of our material. 

(4) Potassium concentrations in nerve and other cells. The concen- 
tration of potassium in the axoplasm of Loligo seems to be as high as in 
any type of cell that has been investigated, though the number of reliable 
analyses is rather meagre. Fenn et al. [1934] found 158 mM./kg. of 
whole nerve in Libinius (a spider crab) and 203 mM. in Homarus, which 
probably implies a potassium concentration in the axoplasm of about 
300 mM./kg. water, approximately equal to that in Loligo. Cowan s 
[1934] analyses of Mata nerve, corrected on the assumption that 65 % 
of the nerve is axoplasm [Young, 1936], yields a similar but rather lower 
figure of 230 mM./kg. of axoplasm water. In vertebrates, where the total 
concentration of the serum is only 240-350 mM., the potassium content 
of nerve is naturally rather lower. Fenn et al. [1934] found 3-0-4-8 m.cq.j 
100 g. whole nerve in the frog, from which they calculate that the 
“potassium space” (axoplasm) contains 176 mM. 1 potassium/kg. water, 

i Figures quoted from Fenn tt at. [1934] and Fenn [1030], which are there expressed in 
terms of the total water of the tissue, hare been recalculated and expressed in terms of 
intracellular water. 
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that is to say a concentration about 65 times as great as that in tbe 
plasma. Pichlers [1931] analyses of tbe whole central nervous system 
of frogs points to a similar figure for intracellular potassium. The analyses 
made by Alcock & Lynch [1911] of the splenic nerve of the horse do not 
permit of more than about 125 mil. /kg. axoplasm water. 

Tor non-nervous tissues the only figures of particular relevance are 
those of Manery [1939] and Bialaszewicz & Kupfer [1936], The latter in 
their analyses of muscles found 190 mil. potassium/kg. in Loligo, this 
corresponds to perhaps 250 mil./kg. of fibre water, ilanery s figures for 
the same material are, however, much lower (111 mil./kg. muscle, 
corresponding to about 160 miL/kg. of fibre water). Figures for verte- 
brate muscle are again lower (125 mil./kg. water in the potassium 
space” of frog muscle, according to Fenn [1936]). 

It should be mentioned that iFCance & Shackleton [1937] reported 
very high potassium concentrations, up to 100 mil./kg. of total body 
water, in certain Gastropods, but did not localize the potassium in any 
particular tissue. 

It has often been suggested that part of the potassium inside cells is 
“bound”, that is to say non-ionized. If this were true of our material 
it would mean that the anion deficit would be less than appears, but on 
the other hand the osmotic deficit would he greater. Actually the 
evidence for hound potassium (discussed by Fenn [1936]) bas never been 
very strong, and it seems best to assume that in the axoplasm it is 
entirely ionized. Pichler [1934] argues from the insolubility of much of 
the potassium of the frog’s central nervous system in 96 % alcohol (in 
which KC1 is easily soluble) that less than half of it is ionized. But, as 
has been shown above, the chloride content of vertebrate cells is so low 
that only a small fraction of the potassium can be present as KCL 
furthermore, the condition in the central nervous system may be different 
from that in peripheral nerve, and it also seems possible that treatment 
with 96 % alcohol may precipitate or fix the potassium in the form of 
compounds which do not exist in the living cell. Ho plausible chemical 
explanation of the condition of the alleged bound potassium has yet been 
pven. The theory of Koch & Pike [1910] that most of the potassium is 
bound to tbe lipoids, particularly cephalin, can only apply to heavily 
myelinated fibres; in any case it bas been criticized by Page [1937, p. 90], 

who points out that cephalin bas no base-binding powers. 

(o) Anionic and osmotic deficits. This aspect has been discussed by 
car & Schmitt [1939], and little more need be said. Our analyses imply 
an amon deficit of 368 m.eq. and an osmotic deficit of 735 mil. ; theirs an 
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anion deficit of 490 nxeq. and an osmotic deficit of 280-415 mM . As is 
pointed out by Bear & Schmitt, bicarbonates, sulphates, phosphates, 
lactates, and proteins acting as acids are quite inadequate to balance 
the excess base, since together they could hardly amount to more than 
120 m.eq. It follows, therefore, that some completely unknown anion or 
anions must be present at a concentration of at least 0-25 N. From the 
figures of Bear & Schmitt it would appear that at least a fraction of these 
anions must be multivalent; on the other hand, if ours are accepted it 
would be possible for them all to be univalent and still leave an osmotic 
deficit of 170 mM. to be filled by non-electrolytes or ampholytes. It is 
worth recalling in this connexion that Kelly [1904] found taurine in 
concentrations up to 400 mM./kg. in the muscles of lamellibranchs, and 
that considerable quantities of betaine are present in the muscles of 
Octopus [Henze, 1911]. Schmitt et al. [1939] have brought forward some 
evidence which suggests that in Homarus nerves the missing anions may 
for the most part be dicarboxylic amino-acids. 

The only other animal cells for which balance sheets of the internal 
and external electrolytes have been drawn up are the fibres of the frog’s 
sartorius and the human erythrocyte. In the former [Fenn, 1936] there 
is no osmotic deficit, but there is an anion deficit of about 30 m.eq. after 
allowance has been made for proteins. Variation in the phosphate 
content, however, coupled with lack of precise information as to the pH 
of the interior of the fibre, renders the calculations rather precarious. In 
the case of the human erythrocyte there is neither an osmotic nor an 
anion deficit, since Farmer & Maizels [1939] have recently shown that the 
organic phosphates are more than adequate to cover the base not bound 
by chloride, bicarbonate or protein. 

From various fragmentary analyses scattered through the literature 
[see Krogh, 1939] it would seem that considerable osmotic and anion 
deficits, particularly the latter, are often to be found in the tissues of 
marine invertebrates. 

Summary 

1. Action potentials have been recorded from a number of isolated 
and cleaned giant nerve fibres of Loligo jorbesi, and the same fibres then 
subjected to chemical analysis. 

2. The average concentrations of chloride, potassium and total base 
in the axoplasm are 109 mM., 279 mM. and 477 m.eq. respectively per 
kg. of water. There are large anionic and osmotic deficits. These analyses 
agree in most respects with those of Bear & Schmitt on the fibres of 
L. pealii. 
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3. The observed, action potentials approximate closely to the dif- 
fusion potentials which would be produced if the bounding membrane of 
the axoplasm were permeable only to K , except during the passage of 
the impulse. 

4. The results are compared with the available data for the electrolyte 
content of other types of cell. 

We -wish to thank Hr A. L. Hodgkin for his collaboration in the recording of the action 
potentials, and for helpful discussion throughout. 

The work was made possible only as a result of the great help given by Dr S. Kemp, 
F.B.S., and the Staff of the Marine Biological Laboratory in obtaining living squids. 
The investigation was assisted by a grant from the Government Grants Committee of the 
Royal Society. 
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THE EFFECT OF RENIN ON URINE FORMATION 1 

By G. W. PICKERING and M. PRINZMETAL 3 

Department of Clinical Research, University College Hospital 
Medical School, London 

(Received 4 March 1940) 

In the course of some experiments [Pickering & Prinzmetal, 1938] on 
renin, the protein-like pressor substance first extracted from the kidney 
by Tigerstedt & Bergman [1898], it was noticed that the injection of 
strongly pressor renal extracts often caused unanaesthetized rabbits to 
void abundant pale urine. In view of the implications on the function of 
renin which a renal action might have, it seemed worth while to investi- 
gate this point in greater detail, and this paper records the results obtained 
with renal extracts containing renin in preliminary experiments on 
anaesthetized rabbits and an unanaesthetized dog, and in more detailed 
observations on unanaesthetized rabbits. 

The conclusion which we shall reach is that there is present in the 
kidney a substance which, injected into the circulation, profoundly 
modifies renal function. Our present evidence is that this substance is 
the pressor substance, renin, and we shall so term it in this paper, but it is 
to be mentioned that a pure preparation of this substance has not yet 
been obtained, and the possibility cannot be finally excluded that the 
renal effects are due to another constituent of kidney closely resembling 
renin in some physical and chemical properties. 

Preliminary experiments 

In six rabbits lightly anaesthetized with 0-15 g. sodium luminal 
per kg., in which a bladder cannula had been inserted an hour or more 
previously under ether anaesthesia, saline extracts of alcohol dried rabbit s 
kidney [Pickering & Prinzmetal, 1938] in amounts corresponding to 
0-5-1 g. kidney were consistently found to raise arterial pressure and 
accelerate the flow of urine (Fig. 1). The same extracts boiled for 5 min. 

1 Work done on behalf of the 3fedical Research Council. 

2 Research Fellow of the American College of Physicians. 
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had no effect on urine flow or arterial pressure. 4 mg. tyramine gave 
s imila r but more transient rise of blood pressure and smaller increases in 
urine flow. 

Very similar experiments were described by Bingel & Claus [1910], 
who observed that in the rabbit, lightly anaesthetized with urethane, 
renal extracts raised arterial pressure and increased urine flow, the kidney 
volume rising simultaneously. The behaviour of the kidney is, however, 
greatly influenced by anaesthetics; we therefore proceeded to ascertain 
the effects of renin on an unanaesthetized dog, and in these observations 
we were fortunate to have the collaboration of Dr G. W. Theobald. 



Minutes 

Fig. 1. Rabbit 2-0 kg. 10 Mar. 1937. 3 c.c. 10% sodium luminal injected snboutaneously 
and 60 c.c. water given by etomach tube at 10 a.m. Bladder cannula inserted under 
light ether anaesthesia at 11.30 a.m. Experiment begun at 1 p.m. Renin solution 
prepared by alcohol method, 1 c.c. being equivalent to 0-5 g. rabbit kidney. 

The animal used was a bitch in which the urethra had been exposed 
by a previous perineal operation and in which urine flow was recorded 
from a catheter passed into and maintained in the bladder. She had been 
repeatedly used by Dr Theobald for the assay of posterior pituitary 
principle and was accustomed to the experimental procedure adopted. 
Adequate tissue hydration was secured by giving 250 c.c. water by 
stomach tube on the preceding evening and again on the morning of the 
experiment, before the response to renin was tested. Saline extracts of 
alcohol-dried rabbit’s kidney, to some extent purified by half-saturation 
with ammonium sulphate and subsequent dialysis first against water and 
then against 0-9% sodium chloride, produced no increase in urine flow 
when injected intravenously in doses of 1-5 c.c. after the subsidence of 
water diuresis. Injected on the ascending limb of water diuresis 5 c.c. of 
this extract reduced urine flow from 250 to 15 c.c./hr., the effect lasting 
about 60 min. This antidiuretic action was abolished by heating the 
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extract for 2 hr. to 60° C., a procedure which has been previously found 
to inactivate renin [Pickering & Prinzmetal, 1938]. 

The preparation of rabbit’s renin used in these experiments un- 
doubtedly contained other protein and, to exclude the antidiuretic effect 
being a non-specific response to a foreign protein, extracts were made 
from dog’s renal cortex and medulla, the former containing renin, the 



Fig. 2. Unanaesthetized bitch, 5 Jan. 1938. Urine from catheter retained in bladder. Chart 
showing diuresis following administration of 250 c.c. water by stomach tube, and the 
effects of extracts of medulla and cortex of dog kidney. 



Fig. 3. Same animal as in Fig. 2. 7 Jan. 1938. Showing abolition of nntidioretic effect of 
cortical extract (renin) by boiling. 

latter none. The fresh kidneys of a dog killed by bleeding were separated 
by dissection into cortex and medulla, the knife passing to the medullary 
side of the line of demarcation. The cortex was pulped in a mortar, 
treated with 2 c.c. absolute alcohol per g. for 5 hr. in the refrigerator, and 
filtered. The residue was dried at room temperature and the dry powder 
extracted with 5 c.c. 0-9 % saline per g. The medulla was similarl) 
treated. Tested on the blood pressure of an unanaesthetized rabbit, 1 c.c. 
of the extract of medulla was inactive, while 1 c.c. of the cortical extract 
produced a rise of 50 mm. Hg. The effects of these two preparations on 
the urine formation of the dog are shown in Figs. 2 and 3. It will be 
seen that 3-5 and 4 c.c. of extract made from cortex inhibited water 
diuresis for about 45 and 50 min. respectively, and that the effect was 
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abolished by boiling the solution for 5 min. No antidiuretic effect -was 

observed from 4 c.c. extract of medulla. 

Merrill, Williams & Harrison [1938] have found that renal extracts, 
prepared from pig’s kidney by a method very similar to the alcohol 
method used by ns, usually have a diuretic action in the unanaesthetized 
dog. They consider that the antidiuretic effect they occasionally observed 
was due to some substance other than renin in their extracts, but it is 
not clear on what evidence this opinion is based. In our experiments, the 
antidiuxetic substance resembled re n i n in its insolubility in alcohol and 
in half-saturated a mm onium sulphate, in its inability to pass through 
cellophane, in its instability at 60° or above, and its presence in cortex 
but not in medulla of kidney. 

Although the behaviour of our dog may have been exceptional, the 
results are reported because they were clear-cut and because they indicate 
that further work in this species is desirable. It proved, however, more 
convenient to us to make a further investigation on the unanaesthetized 
rabbit. 


OBSERVATIONS ON THE UNANAESTHETIZED RABBIT 
(By G. W. Pickkrxxg) 

Methods 

Urine was obtained by catheter from adult male rabbits weighing 2-3-5 kg. and fed on 
a mixed diet of oats, bran and green stuff. In most rabbits a rubber catheter (size 6) proved 
satisfactory, but in some animals this consistently entered the seminal vesicle and in these 
a coude gum elastic catheter of similar size was employed. Emptying of the bladder was 
ensured as a routine by massage of the hypogastrium, and by washing out the bladder with 
an. The bladder was washed out with 5 c.c. water in those experiments where creatinine 
clearance estimations were made and in a few other instances. Between catheterizations 
the animals were placed in wire cages small enough to make it difficult for the animal to 
turn round, and fitted with a drain to collect any urine which might be voided spontaneously, 
an event that proved infrequent. 

The secretion of urine in the rabbit is greatly influenced by the degree of hydration and 
by the state of the alimentary canal, and we found that to obtain anything approaching 
consistent results it was necessary to starve the animals of food during the experiment, and 
for 12 hr. previously, and to allow access to about 200 c.c. of water during the night preceding 
the experiment; most of this was usually drunk. 

Benin. The renin used in these experiments was a purified preparation made from 
rabbit’s kidney in the following way. Fresh rabbit’s kidney was pulped and treated with 
- C.C. of alcohol/ g. for 24 hr. in the refrigerator. The residue separated by filtration was 
vned at room temperature, powdered and stored at 3° C. When about 50-100 g. bad 
accumulated the powder was extracted with 10 c.c. physiological saline/g. for 24 hr. The 
' met was acidified to pH 4-5, and the precipitate centrifuged off. The clear yellow 
pematant fluid was half-saturated with ammonium sulphate, and left for 24 hr. in the 
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refrigerator. The precipitate was separated by filtration, dissolved in water and dialysed 
through cellophane for 24-48 hr. till free from sulphate. Insoluble matter was separated by 
the centrifuge, and the supernatant fluid evaporated to dryness in a vacuum desiccator. 
A yield of about 0*7 g. of a pale yellow powder was so obtained from 250 g. fresh rabbit’s 
kidney. This powder, kept in a sealed tube in the refrigerator, maintained its activity for 
several months. The dose for testing was dissolved in 1—1*5 o.o. physiological saline on the 
day of experiment. 

The renin content of each preparation was assayed by a method previously described 
[Pickering & Prinzmetal, 1938] and is described in this paper in terms of amts. Four 
preparations were used, having activities of between 0*3 and 0*0 unit per mg. One unit 
represents the amount of renin contained in 100 mg. of our standard power. 

Chemical estimations on urine and blood. Chlorides were estimated in the urine by the 
modified VolharcUHarvey titration [Peters & Van Slyke, 1932], and in plasma by Claudius’s 
[1922] method on 0*1 c.c. samples. Creatinine was estimated in urine and in the Folin-Wu 
filtrate of plasma by the colorimetrio methods of Folin [1914] and Folin & Wu [1919], 
Urea was estimated in the fresh urine by the urease method [Van Slyke & Cullen, 1910] and 
by the hypobromite method. 

Blood samples of 3-5 c.c. were taken into powdered heparin from incisions in an ear 
vein, the plasma being separated by the centrifuge. 

Creatinine clearance . To raise the plasma creatinine level above the accepted requisite 
minimum of 7 mg./lOO o.o., 1-1*5 g. of creatinine in 5 or 10% solution was injected intra- 
venously at least 30 min. before the first olearance estimation was made. Blood samples 
were obtained either in the middle of eaoh period of urine collection, or at the beginning, 
middle and end of the total experimental period, the levels of plasma creatinine corre- 
sponding to the mid-point of urine collection being obtained from the curve relating plasma 
creatinine concentration to time. 

Results 

The effect of renin when the rate of urine formation is small 

In these experiments, 100 c.c. water was given by stomach tube at 
10 a.m. ; 4-6 hr. later, when the urine flow was falling and had reached 
rates between 1-0 and 15 c.c./hr., renin was injected intravenously. Urine 
was collected at £ hr. intervals. 

No definite effect on urine flow was observed from doses of 0T-0-6 unit 
of renin. Doses of 1 unit or more were unfailingly and often conspicuously 
diuretic. Thus, 1 unit of renin increased urine flow in each of six experi- 
ments on three rabbits, the average increase being fourfold in the first 
and twofold in the second £ hr. A total of 2-7 units (8 mg. of the 
preparation used), injected in two equal dosesatl5min. interval, increased 
urine flow to a much larger extent in each of twelve experiments on eight 
rabbits, the average increase being tenfold in the first, thirteenfold 
in the second, and twofold in the third i hr. periods after the first 
injection. The diuresis following 4 units (12 mg.), injected in three equal 
doses at 15 min., was very similar in degree and duration. The rates of 
urine flow observed after the injection of the larger doses of renin were 
often enormous, 60-100 c.c./hr. being common. V bile the degree of 
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diuresis is evidently dependent upon the dose of renin, the method as we 
have experienced it in the rahbit is quite unstated fox assay. For, in a 
single animal on different days, the size of the response produced by a 
given dose of a single preparation varies very considerably. 

The factor in these renal extracts which is diuretic in the unanaesthe- 
tized Tabbit resembles the pressor substance renin in being destroyed by 
boiling. Thus, the same preparation as used in the experiments just 
described, when boiled for 5 min., failed to give any diuretic response 
when injected in doses corresponding to 1 unit (three experiments on 
three rabbits), 2-7 units (four experiments on three rabbits) and 4 units 
(three experiments on three rabbits) of the unboiled solution. Boiling, 
however, removes protein and it seemed possible that the diuretic effects 
observed with the unboiled preparations were due to a non-specific 
foreign protein. Accordingly, an extract was made from fresh rabbit’s 
liver by a method identical with that here used for the preparation of 
renin. Similar or larger quantities by weight (8 and 16 mg.‘) of this 
preparation from fiver dissolved in similar volumes of saline and injected 
intravenously produced no diuresis in five experiments on five rabbits. 
Finally, in collaboration with Dr G. C. Butler, we have found that the 
renin preparation described can be freed of 90% of its nitrogen for a given 
pressor activity, by adsorption on kaolin at acid, and elution at alkaline, 
reaction. Such a purified preparation of renin is also powerfully diuretic 
in the unanaesthetized rabbit (rabbit H, Table I). This is the present 
evidence for the identity of the pressor and diuretic substances present 
in rabbit’s kidney. 

The urine secreted during the diuresis following renin injection is 
pale, and contains protein (about 0T%). Its pH is similar to that of the 
urine secreted before the injection of renin. The other constituents may 
now be examined in detail. 

Chloride excretion. One of the most conspicuous changes in the 
composition of the urine secreted after renin injection is in chloride 
(Fig. 4). Table I shows the changes in chloride excretion in eight experi- 
ments when a total of 2-4 units of renin were injected in two equal doses 
at 15 min. intervals 5-6 hr. after ingestion of 100 c.c. water. Unlike the 
diuresis following ingestion of water, the diuresis following renin injection 
is associated with a rise in the percentage of chloride in the urine, which 
tends to reach a value of between 0-5 and 1% NaCl. These effects on 
chloride excretion are abolished by boiling the solution of renin for 

min. ( ig. 5) and are not obtained with the liver extract previously 

escribed (Fig. 6). They are still obtained when renin is further purified 
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by kaolin adsorption (Table I). Changes in urinary chloride thus seem to 
represent an integral part of the kidney’s response to renin in the 
anaesthetized rabbit. 



Fig. 4. Unanaesthetized rabbit H (3-2 kg.). Shows the changes in urine flow and chloride 
excretion induced by the ingestion of 100 c.o. tap -water at 0 min. and by intravenous 
injection of 1 unit of renin (3 mg. of the preparation dissolved in 1 o.o. saline) at 300 
and again at 315 min. In this and subsequent figures the black discs represent the 
rate of urine flow in c.c./hr., open circles chloride excretion in g. NaCl/hr., and black 
squares the urinary chloride in g. NaC 1/100 c.c. 

Table I. Showing the chloride excretion in the J hr. period before, and in the two J hr. 
periods after, intravenous injection of renin. 100 c.c. water was ingested 5-5 hr. 


previously. 

Cl. excretion, NaCI 

Urine flow, c.c./hr. mg./hr. Urine NaCI, g./lOO c.c. 

* » * — — , 



Renin 



r 

—A , 

r 



Kabbit 

units 

Before 

After 

Before 

After 

Before 

After 

H 

2 

2-6 

30-4, 104 

4 

94, 640 

0-17 

0-31, 0-6 

H 

* 

9-6 

55-6, 104 

4 

300, 580 

0-04 

0-67, 0-50 

193 

2 

16-2 

20, 41-4 

4 

04, 210 

0-03 

0-47, 0-5 

194 

2 

2-4 

24, 46 

8 

176, 204 

0-33 

0-73, 0-67 

191 

2-7 

1-4 

3-8, 9-0 

2 

8, 72 

0-14 

0-24, 0-8 

210 

2-7 

3-4 

71, 78 

16 

414, 470 

0-47 

0-59, 0 0 

210 

4-0 

30 

29-0, 69-4 

6 

192, 360 

0-2 

0-07, 0-6 

133 

2-7 

3-4 

65, 19 

24 

460, 1S4 

0-71 

0-83, 0-97 

133 

4-0 

1-8 

36, 28 

10 

312, 260 

0-55 

0-87, 0-93 


* This preparation had been further purified by adsorption on kaolin, and its renin 
content was not precisely assayed. 

The known influence of the plasma chloride level on the urinary 
excretion of chloride (Ambard & Weill, 1912; Aitken, 1929) suggested the 
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possibility that renin might act by raising the concentration of chloride 
in the plasma. The plasma chlorides were therefore estimated before renin 
and at the height of the sncceeding dinresis in six other experiments made 
primarily to investigate creatinine clearance. The resolts are shovm in 




Fig. 5. Fig. 6. 

Fig. 5. ’The same rabbit as in Fig- 4. 100 c.c. tap vrater given by stomach tube 3 hr. 
previously. At 120 and ngnin at 135 min. intravenous injection of 1 c.c. of a solution of 
renin, boiled for 5 mim, tbe solution before boiling containing the same dose of the 
same preparation used in the experiment illustrated by Fig. 4. 

Fig. 6. Rabbit as in Figs. 4 and 5. 100 c.c. tap vrater by stomach tube 3 hr. previously. 
Intravenous injection of 3 mg. liver extract in 1 c.c. saline at 180 and again at 195 min. 


Table H. It is clear from this table tbat renin, in tbe doses here employed, 
prodnees no significant change in the plasma chloride concentration, and 
we may infer that the change in urinary chloride content is not a con- 
sequence of change in plasma chloride. It is also apparent that the 


Table H. Plasma and urine chloride before and after injection of 3 units (8 mg.) renin 


Plasma, XaCl g./lOO c.c. Frine, XaCl g./lOO c.c. 


Babbit 

P. 

H 

133 

H 

211 

193 


r 

Before 

0*63 

0-67 

0-67 

0-63 

0-5S 

0-5S 


After 

0-6S 

0-66 

0-65 

0-62 

0-5S 

0-5S 


Before 

0-11 

0-3 

0AS 

0-16 

0-09 

0-07 


- \ 
After 

0-6S 

0-72 

0-6S 

0-6S 

0-62 

0-5S 


chloride content of the nrine after renin injection approximates to, but 
tends to exceed slightly, the plasma chloride. The significance of this trill 
be discussed later. 

Excretion of sodium and other inorganic radicles. In two experiments 

y,; - Maizels and Dr A. Farmer kindly estimated the urinarv content of 
sodxum, by the method described by Salit [1932], total base, bv Stadie and 
KOiSs method [Peters & Van Slyke, 1932], and chloride. The results 
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Uajble ill. The content of basio and acid radicles (in milliequivalents) of urine secreted in one ^ hr. peri' 
before and two i hr. periods after the injeotion of 2*7 uni ts renin 

Other basio Other acid 

Sodium ' radicles Chloride radicles 



Urine 

Volume 

m.- 

* 

m.- 

l ( A- 

m.- 

m.- 

, 

m.- 

m.- 

A- 

r 

m.- 

m. 

tabDit Bpecimcn 

c.c. 

equiv./L 

equiv. 

. equiv./L 

equiv. 

equiv./l. 

equiv. 

equiv./l. 

eqni 

133 

Before renin 

4*7 

03 

0*295 

115 

0*54 

87 

0*41 

91 

<h: 


After renin (1) 

18 

164 

2*76 

49 

0*88 

149 

2*08 

54 

0 9’ 


After renin (2) 

14 

170 

2*37 

58 

0*82 

159 

2*23 

69 

09' 

210 

Before renin 

8*3 

60 

0*40 

9*1 

0*07 

23*1 

0*19 

42 

0*3, 


After renin (1) 

14*5 

128 

1*80 

13*3 

0*19 

114 

1*65 

27*3 

041 


After renin (2) 

29*7 

122 

3*02 

5*2 

0*15 

103 

3*06 

24*2 

0*7: 


expressed in 

milliequivalents (m.- 

equiv.), are shown in Table III, where 



the column “Other basic radicles” represents Total base — Na, and the 
column “Other acid radicles” represents Total base — Cl. From this 
table it will be seen that an increase in percentile and absolute excretion 
of Na parallels, and in both experiments slightly exceeds, the increased 
percentile and absolute excretion of Cl. By comparison, the changes in 
the excretion of other basic and acid radicles are small, and are chiefly in 
the direction of a fall in percentile and rise in absolute excretion, changes 
which may possibly be a reflexion of the increased volume of urine 
secreted in response to renin. 

The plasma sodium was also estimated in these two experiments, and 
was respectively 155 and 154 m.-equiv./l. in rabbit 133, and 156 and 
155 m.-equiv./l. in rabbit 210 before, and at the height of the diuresis 
after, renin injection. It seems clear from the experiment on rabbit 133 
that the sodium content of the urine secreted in response to renin may 
slightly exceed that of the plasma, the behaviour of sodium, in this 
respect also, resembling that of chloride. 

Urea excretion. The urea excretion in the urine was followed in 
seven experiments through the diuresis produced by ingesting 100 c.c. 
water and, after this had subsided, through the diuresis resulting from the 
injection of 2-5-3 units renin. The results are summarized in Table IV. It 


Table IV. The effeot of 2*5—3 unitB renin on urea excretion 


Urine flow, c.c./hr. 


Rabbit 

Peak water 
diuresis 

Before 

renin 

After renin 

133 

SO 

2*8 

29 

133 

51*0 

4*0 

41 

194 

4S 

3*0 

27*0 

210 

40 

13*0 

45*0 

211 

50 

8*0 

18*0 

H 

42*4 

4*2 

25*4 

L 

70 

3*2 

OS 


Urea excretion, g./hr. 


Peak water 
diuresis 

Before 

renin 

After renin 

0*12 

O-OS 

0*10 

0*14 

0*08 

048 

0 08 

OOS 

0 00 

0*1 

0 08 

0*09 

0*10 

0*12 

009 

0*13 

004 

0*09 

0*14 

0*12 

0*18 
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will be seen that the urea excretion was greater daring the water dinxesis 
than after its subsidence, and again increased during the diuresis 
following renin injection. There seems to be no significant difference 
between the increase in urea excretion produced by water and by rerun, 
sometimes the one, sometimes the other being the greater. The conclusion 
drawn from these experiments is that the changes in urea excretion 
produced by renin axe of an order to be expected from the increased flow 

of urine. _ _ . 

Creatinine excretion. The excretion of endogenous creatinine was 
followed during the waxing and waning of water diuresis and during the 
subsequent diuresis produced by the injection of 1-4 units of renin in 
nine experiments on four rabbits. Water diuresis was not accompanied by 
any constant or significant change in creatinine excretion. Renin diuresis, 
which was usually more intense than water diuresis, was accompanied by 
a slight but definite increase in creatinine excretion in four experiments, 
by no significant change in four experiments, and by a slight hut definite 
fall in one experiment. It is evident, therefore, that the changes in 
creatinine excretion during renin diuresis are inconstant and often 
insignificant. 

Creatinine clearance. The most obvious mechanism by which renin 
could act as a diuretic would be through the transmission of the rise in 
arterial pressure to the glomeruli, with a consequent acceleration in the 
rate of glomerular filtration. It is generally accepted that in most animals 
the glomerular filtration rate may he measured by the rate at which 
rnulin is removed from plasma to urine. In the rabbit, though not in man, 


creatinine also seems to he excreted in the urine entirely through the 
agency of glomerular filtration, and in this animal Kaplan & Smith [1935] 
have shown that inulin and creatinine clearances are identical at all rates 
of urine flow and at all levels of plasma creatinine between 6 and 125 mg./ 
100 c.c. We have accordingly measured the effect on creatinine clearance 
of renin injected during the subsidence of water diuresis. 


Rydin & Vemey [1938] have clearly shown the disturbing influence of 
strong sensory stimuli ou the secretion of urine, and we experienced at 
first some difficulty in obtaining a regular base line of urine flow and 
satisfactory responses to renin in these experiments, in which the taking 
0 b * ood samples introduced a considerable degree of interference. We 
eventually found it essential to work with animals in which the main 
sensory nerves to one ear had been cat, the anaesthetic ear being used for 

nL mt Ti en ° nS injeCtion5 aQd bIood sampling. Urine samples were 
arned by catheter at 1 hr. intervals, the bladder being washed out with 
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Table V. Showing the creatinine clearance in the J hr. periods before and after 
injecting 3 units (8 mg.) of renin, 2-6 hr. after the ingestion of 100 c.o. water 


Creatinine clearance, Urinary chloride, 

Urine flow, o.o./hr. o.c. plasma/min. g. NaCl/100 c.c. 


Rabbit 

Before 

> 

After 

Before 

< 

After 

t 

Before 

After 

H 

7-4 

28-0 

25-3 

26-7 

0-16 

0-68 

193 

20-0, 19-0 

24-0 

10-7, 11-3 

11-3 

0 09, 0-7 

0-68 

104 

18 

21-6, 18, 4-4 

9-4 

9-4, 8-1, 10-7 

0-02 

0-28, 0-11, 0-23 

R 

14-0 

70-0 

10-3 

10-1 

016 

0-48 

R 

8-2 

60-0 

22-0 

19-0 

0-11 

0-68 

133 

16-0, 6-0 

45-8 

17-2, 17-2 

15-0 

0-4, 0-63 

0-83 

210 

4-4, 3-0 

10-0 

19-0, 16-2 

18-3 

0-19, 0-11 

0-96 


5 c.c. water. Table V summarizes the results obtained in experiments 
where the plasma creatinine remained above 7 mg. % during the entire 
experimental period; other experiments in which the creatinine had fallen 
below this figure gave essentially similar results but have been excluded 
because clearances at this plasma level would not be generally accepted 
as indicative of glomerular filtration rates. Kaplan & Smith [1935] have 
pointed out that in the rabbit the glomerular filtration rate, as measured 
by the innlin and creatinine clearances, varies with the rate of urine flow. 
It seemed, therefore, desirable to have fairly large as well as small rates 
of urine flow before the injection of renin, and the experiments in 
Table Y include observations in which renin was injected at varying 
points on the descending limb of water diuresis from 2 to 6 hr. after the 
ingestion of 100 c.c. water. It will be seen that the characteristic changes 
in urine flow and chloride concentration were obtained in all experiments, 
though both changes in rabbit 194 were small, as were the changes m 
urine flow in rabbits 193 and 210. Nevertheless, the results in all rabbits 
agree in showing that when renin is injected during the subsidence o 
water diuresis, the increase in urine flow and urinary chloride in t e 
succeeding i hr. is unaccompanied by any significant change in creatinine 
clearance. 


Relationship of diuretic response to blood-pressure change 
For technical reasons no determinations of blood pressure w ere made 
during those experiments in which urine was collected for mea3 ^®™ en , 
As we have previously pointed out [Pickering & Prinzmetal, 1 J a ” 
since repeatedly confirmed, the response of a single unanaesthetize ra 
to a given dose of renin usually remains fairly constant from aj 0 a ) > 
and in several animals we have therefore recorded the oo prcssu 
changes to the dose of renin used in the experiments on urine ow. 
to be remembered tbet the maximum rise in ertenol pressure offer 
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intravenous renin is reached, in about 2 min., the rise then subsiding, at 
first rather rapidly, later more gradually, the total duration being of the 
order of $-1 hr., depending on the dose injected. Examples will be found 
in Pigs. 8 and 10. 0-3 unit renin gave rises of arterial pressure of 8, 9, 11 
and 18 mm. Hg in four rabbits in which this dose produced no definite 
diuretic response. 1 unit renin gave rises of 30, 33, 39 and 44 mm. Hg 
in four animals in which the same dose produced a conspicuous diuresis 
lasting over 1 and less than 1 hr., the rises of blood pressure at the end of 
\ hr. being 7, 12, 16 and 16 mm. Hg. The conclusions we would draw 
from these and s imil ar observations are that the dose of renin necessary 
to produce a diuretic effect is greater than that producing a detectable 
change in arterial pressure ; and that the duration of the diuretic effect and 
that of the pressor effect are, within the limits of our measurement, 
similar. The intensity of the diuretic action does not, however, run 
parallel to that of the pressor effect. Thus, when 2‘7 units of renin are 
given in two equal doses at 15 min. interval, the maximum diuretic effect 
is observed in the second 4 hr. after the first injection, whereas of course 
the maximum pressor effect is in the first 4 hr. This relationship is 
pursued further in the next section. 

Tyramin acid phosphate injected in three equal doses, each of 2, 4 and 
6 mg. at 10 min. intervals, was found to produce no consistent increase 
in urine flow or chloride excretion in the unanaesthetized rabbit (six 
experiments). These doses gave rises of blood pressure which were similar 
in degree to those given by renin in diuretic doses, but the rise of pressure 
with tyramine is of very much shorter duration (about 5 min.). 

The effect of renin when urine formation is high 

The results obtained in the nnanaesthetized dog suggested the 
possibility that renin might be antidiuretic under some circumstances, 
and its action in the unanaesthetized rabbit was therefore investigated 
when given between the 45th and 60th min. after water ingestion, that is, 
just before the anticipated peak of water diuresis. Here again was intro- 
duced the complicating factor of disturbances in urine flow due to sensory 
stimuli, to obviate which we finally made our intravenous injections into 
an ear, the sensory nerves of which had been cut days or weeks previously. 
Four such rabbits gave consistent control curves of water diuresis when 
urine was obtained at 10-15 min. intervals, the curves being apparently 
uninfluenced by intravenous injections of saline, boiled' renin or the fiver 
extract .described previously (Fig. 7). In all these rabbits renin produced 
an antidiuretic followed by a diuretic response, the antidiuretic action 
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being the more conspicuous with small, and the diuretic with large, 
doses (Figs. 8-10). Thus, 0-3 unit produced an antidiuretic effect lasting 
20 min. which was followed in one rabbit only by a slight diuretic effect. 




Curve L. j nn( j g units 

Figs, 8-10 Changes in unne flow and chloride oxc [ ctl °" ““ orator ingestion. In 

renin dissolved in 1 c.c. saline and injected at t o • on n gcpnrnto 

Figs 8 and 10 are shown the changes in arterial pre P 
occasion by 0 3 and 0 units renin. 

One unit produced a fall in urine flow lasting from control 
three rabbits by a rise in unne flow above the va^ - ^ bcJng 

curves. The antidiuretic effect following . remnde f 0 rl5niin. 

detectable in one rabbit only when unne collection 
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periods, but pronounced in all when collecting periods vrere reduced to 
1 0 min ; fViri antidinretic effect vras followed in all rabbits by a very 
conspicuous diuresis, urine flour frequently reaching the enormous rates 
of 150-180 e.c./hr. 

It is evident that the threshold dose for the antidinretic effect of remn 
is lower than that for the diuretic effect. Thus 0-3 unit has a definite 
inhibiting effect on water diuresis, but has no detectable diuretic action, 
be the initial rate of urine formation high or low. The diuretic action does 
not become conspicuous until the dose of renin is raised to 1 unit. 

In every case the injection of 0'3-6-0 unit renin was followed by a rise 
of the chloride percentage in the urine, particularly in the specimens 
collected between 15 and 15 min. after the injection, the rise being 
observed even in those experiments in which the dose of renin was small, 
and the rate of urine flow never rose above the level expected from control 
curves. In the second 15 min. period afteT renin injection the plasma 
chlorides in three experiments were 0-69, 0-63 and 0-61 mg. IsaCl/100 c.c., 
while the corresponding urines contained 0-64, 0-61 and 0-5S mg. In a Cl/ 
100 c.c. Again we find, therefore, that the chloride content of the urine 
secreted in response to renin tends to approximate to that of the plasma, 
but in this instance, with a large water load, urine chloride is slightly 
lower than plasma chloride. 

In Figs. 8 and 10 are shown the changes in arterial pressure produced, 
in separate experiments on the same animal, by the same dose of renin 
used to produce the changes in mine flow. The rise of arterial pressure is 
greatest during the phase of reduced urine flow and continues, but is of 
less degree, during the succeeding phase of diuresis, ox of raised urinary 
chloride. 

It is evident from these experiments that the unanaesthetized rabbit 
may with suitable dosage of renin give a response similar to that which 
we observed in the unanaesthetized dog. 

Creatinine clearance. Four additional experiments were made in three 
animals to determine the effect of large doses of renin (6 units) on the 
creatinine clearance, the plasma creatinine being raised to between S and 
3o mg./lOO c.c. by previous injection of creatinine. Urine collections 
were made during two 10 min. periods before the injection of renin at the 
min., and for one period of 10 and one of 15 min. afterwards, blood 
P * taken at the beginning, middle and end of the experimental period, 
tom Table YI, which summarizes the results, it may be seen that in each 
experiment a profound fall in the creatinine clearance rate occurred d uring 

he phase of reduced urine flow immediately following renin injection 
ph. xcvm. 
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Table VL Urine flow and creatinine clearance, in c.c./min., before and after 6 units 
re nin intravenously at the 60th min. following water ingestion 

Rabbit 211 Rabbit 211 Rabbit B Rabbit H 


Min. ainc< 

3 , 

K ' 1 

/ 

— A % 

/ 

Creatinine Urine 

A ^ 

water in- 

Urine 

Creatinine 

Urine 

Creatinine 

Urine 

Creatinine 

gestion 

flow 

clearance 

flow 

clearance 

flow 

clearance flow 

clearance 

30-40 

0-86 

16-4 

1-70 

22 

0-30 

9-2 1-10 

9-3 

40-60 

0-42 

16-2 

0-00 

17 

0-68 

11-8 0-72 

10-6 

60 



0 units renin intravenously 

7-0 

60-60 

0-28 

9-6 

0-10 

5-6 

0-16 

3-9 0-20 

00-76 

3-00 

12-0 

2-00 

17-8 

1-10 

10-0 2-70 

17-8 

During 

the subsequent phase of increased urine flow, the creatinine 


clearance rate was smaller in one experiment, larger in one experiment 
and unaltered in two experiments, as compared with the values before 
renin injection. These changes in creatinine clearance, corresponding to 
the phases of decreased and increased urine formation after renin, raise 
the possibility that the unchanged clearances observed in the preceding 
section may be the summation of an initial decreased and subsequent 
increased rate. Thus the results obtained in the previous section do not 
entirely exclude the possibility that the increased urine flow, which is 
the predominant effect of large doses of renin, may always be associated 
with some increase in the rate of glomerular filtration. This possibility 
does, however, seem to be excluded by the results obtained in this section 
on rabbits 211 and B, and particularly by the first experiment on 211 in 
which a urine flow at the very high rate of 3 c.c./min. was associated with 
a creat inin e clearance considerably lower than normal. We would con- 
clude, therefore, that the antidiuretic phase of the response to large 
doses of renin is accompanied by a fall in the rate of glomerular filtration, 
but that the diuretic phase is not necessarily associated with an increase 
in this rate. 


The effect of renin when chloride excretion is high 

Experiments were made on four animals, in which 100 c.c. 1’6 ^ 
sodium chloride were given by stomach tube on the evening before and 
again on the morning of the experiment, 3-6 units of renin being injected 
4-4i hr. later. Fig. 11 exemplifies the results obtained. In all animals, 
the urinary chloride rose to 2-0% or more following the ingestion of 
saline, but there was little diuresis except in one animal. Renin produced 
the usual increase in urine flow, but the percentage of chloride, instead o 
rising, as in the other experiments, fell, rising again as the diuretic effect 
of renin subsided. The lowest concentrations of chloride in the urine in 
these experiments were found in the largest \ hr. urine specimens, and 
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we in the four animals 0-75, 0-76, 0-84 and 0-86 g. NaCl/100 c.c., values 
which were thus very similar to those previously found for uxrne secrete 
in response to renin by animals not dosed with salt. 



Kg. 11. Rabbit 211 (3-1 kg.) received 100 c.o. 1-5% NaCl solution on previous evening and 
at 0 min 3 units renin produced increased urine flow and chloride excretion, the 
chloride content of the urine falling from 2*1 to 0*86% and rising again to 1'3% RaCL 


Discussion 

The observations described in this paper have shown that there exists 
in rabbit’s kidney a substance or substances which, intravenously in- 
jected into the unanaesthetized rabbit, profoundly modify the arterial 
pressure, the rate of formation of urine and its sodium and chloride 
content. Further progress in chemical separation may show that one or 
mote of the changes in renal activity produced by our extracts are due to 
a substance other than that which raises arterial pressure. Particularly 
relevant are observations by Govaerts & Cambiex [1930], who have shown 
that a diuresis characterized by a considerable rise in the rate of excretion 
of chloride is produced in the unanaesthetized dog by intravenous in- 
jection of distilled water or Witte’s peptone; in both cases the animal 
exhibits profound somatic disturbances such as trembling, nausea, 
vomiting and defaecation immediately after the injection, while the 
diuresis does not begin until half an hour or more later. The diuresis is 
attributed not to any specific substance in the injected fluids but to the 
profound reaction in the animal which they produce. We would point 

22—2 
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out that we have seen no signs of upset in the general well-being of our 
rabbits following the injection of even the larger doses of the prepare on 
here employed; the animals sit apparently contentedly and, if permitted 
move about and eat freely; they show no more than the faintest paling 
the ground tone of the ears, whereas with toxic injections, intense an 
persistent blanching is a conspicuous feature. Nor have we been .able to 
reproduce these changes in the volume and composition of the unn y 
protein containing extracts prepared similarly from rabbit s fcv«. ™ 
changes in renal function which we have observed following the mj ction 
of renal extracts are not due to renin, then it seems clear 
due to some substance which resembles it in physico-chemical property 
and in its presence in kidney, and absence, or relative absence 
While we must remain uncertain until chemical isolation is , acbeved, our 
present evidence favours the view that the several e ec P , 

our extracts on arterial pressure and renal function are dw toa ■ 8^ 
substance, since they remain associated during sucmssi i g 

purification. With this qualification we may refer to these effects 

^ImTts powerful diuretic action, renin stands a P art ^^ r ^y 
constituents of animal tissues. Adrenaline “ ^ [AddiSi 

increase the rate of urine formation 1 ° imana kidney [Kichards & 

Barnett & Shevky, 1918] and in the perfused ^ there is 
Plant, 19226], while m large doses unne flov i ^ Tyramine 

little information concerning its effect on chlon Postpffuitary 

has been found by us to have little if any dinwt w ter 
extract resembles renin in that, in sm e ose , percentage of 

diuresis in the unanaesthetized animal and bhe ^ naesth etized 

chloride in the urine [Frey & K^pness, imj* ^ ^ 

animal both may increase urme o , . , nressure. Fromherz 

substances produce dimimshing rises o a e circumstances 

[1.923] and McFarlane 

pituitrin may mcrease urme flow in th riqi7l observed only an 

effects they obtained were small, an o ® J intravenous 

inhibition of urine flow in the From 

injections varying between and 2 c.c. therefore that renin 

their effects on urme formation, it may a conc lusion which is 

and the post-pituitary principle are not id^ ^ . q their cffccts on the 
supported by differences m e emic P I . Montgomery & Spark- 

ear vessels of the unanaesthetized rabbit [Landi , 

man, 1938]. 
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The nature of renin’s action on the kidney . During the few minutes 
immediately following the injection of renin, a phase in which urine flow 
is diminished, a great rise in arterial pressure is accompanied by a fall in 
the rate of glomerular filtration, at least when the dose of renin is large. 

A fall in the rate of glomerular filtration, despite raised arterial pressure, 
indicates constriction of the afferent glomerular arteries or diminution of 
the number of open glomerular capillaries, effects which we may infer are 
due to the action of renin on these vessels. It is to this fall in the rate of 
glomerular filtration that we would attribute the diminished rate of 
urine formation which imm ediately follows the injection of renin. 

The increased secretion of urine which follows the inhibitory phase and 
which is the predominant effect of large doses of renin in the unanaesthe- 
tized rabbit cannot, on the evidence submitted here, be attributed to 
increase in the amount of the glomerular filtrate, in so far as this may be 
inferred from the creatinine clearance rate. It must therefore be attri- 
buted to a diminished reabsorption of water from the renal tubules. This 
is not the only change in tubular activity, since the composition of the 
urine during renin diuresis contrasts sharply with that during water 
diuresis in its sodium and chloride contents. Evidently there is also, 
under ordinary circumstances, a diminished tubnlar reabsorption of 
sodium and chloride. Diminished absorption of sodium chloride in the 
tubules would be expected by its osmotic action to diminish water 
reabsorption also, and we considered at one time tbe possibility that the 
increased water excretion was simply a secondary effect of diminished 
reabsorption of salt. This possibility has, however, been excluded by the 
experiments in which 1-5% saline was ingested before the injection of 
renin and in which the chloride concentration of the urine fell during renin 
diuresis. Evidently reabsorption both of water and of sodium chloride is 
inhibited. 

Renin in diuretic doses has a pronounced and prolonged pressor effect 
in the unanaesthetized rabbit, and it is interesting to note that the 
composition of the urine during renin diuresis has many of the properties 
of the urine in the pressure diuresis observed in the isolated kidney. Thus, 
the urine during renin diuresis tends to approximate in composition to the 
plasma from which it is formed, at any rate so far as chloride, urea and 
creatinine are concerned, and these are the only constituents fully studied, 
the proposition that renin diuresis represents a pressure diuresis may 
now be considered in greater detail. 

The absence of any increase in tbe rate of glomerular filtration, despite 

e presence of raised arterial pressure during tbe diuretic phase of renin’s 
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action, indicates that the renal vessels are not unaffected by remn at this 
stage, but undergo constriction. And it may be suggested that during 
this phase there is a total closure of some of the originally open glome ar 
tufts; while in those remaining open intra-glomerular arterial pressure is 
greatly increased, partly by increased systemic pressure and partly y 
constriction of the efferent glomerular arterioles. This conception r 
support from recent experiments on the unanaesthetized dog by orcora 
& Page [1939], who conclude that renin decreases renal blood flow an 
increases intra-glomerular arterial pressure either by increasing genera 
arterial pressure or by efferent arteriolar constriction ™ ence 
efferent arteriolar constriction has previously been obtained m g 
anaesthetized with nembutal by Merrill et al. [1938], who o 
decreased renal blood flow and swelling of the kidney in respcmsetommi. 
Friedman, Abramson & Marx [1938] in similar preparations i obser e 
preliminary fall followed by a rise in kidney volume followi g 

] While it might be possible on this basis to consider renrn ® 

ton, a of pressure diuresis m which relatively few neptoiu 
real difficulty is encountered when we consider more clo y . 

content of Z urine. Thus in the isolated kidney, 
of chloride in the urine is initially low, a rise of arte P , 

accompanied by a rise in the concentration of chloride in the mine ; 

but not up to, its concentration in the blood, [Boards & Plant W > 
Starling I Verney, 1925], In renin diuresis there is a snnflar nse^ 
chloride concentration, but this reaches an may ' ^ attach t0 

chloride level. It is difficult to know how much imp ^ the 

this difference, since the comparison is between reason n0 

intact animal and that of the isolated kidney, a ° b twsen the 

final decision may be taken. Nevertheless, the and 

behaviour of urinary chloride in suggests 

in the pressure diuresis m the isolated kidn y directly 

that renin may not act purely on the renal vessels, but may f 
influence the renal tnbule cells, inhibiting the rea rp 

of sodium and of chloride. in plasma and 

Starling & Verney found identical chloride tubu i ar P a ction had 
the urine secreted by an isolated dog s ey a ^ 934 ] bare 

been abolished by cyanide. Westfall FindJ ^ Iomeru l a r urine of the 
found identical chloride contents 

frog and nectnrus when backflow from t nn . taken a tendency 

“father experiments when this precant, on was not taken, 



BENIN DIURESIS 


333 


was observed for glomerular urine to have a higher chloride content than 
plasma. More recently Walker, Hudson, Findley & Richards [1937] have 
found, both in the frog and nectnrus, that the chloride content of the 
urine in the proximal convoluted tubule is about 10 % higher than in the 
plasma, vrhile that in the distal tubule becomes progressively lower. In 
view of the technical difficulties of the experiment these workers did not 
feel justified in trying to explain this difference between plasma and 
proximal tubule urine, hut it would seem possible from their findings 
that the urine secreted after renin represents, as far as its chloride content 
is concerned, an approximation to that of the proximal convoluted tubule 
rather than to that of the glomerular capsule. 

General. The existence of a substance apparently present in normal 
renal cortex and capable of profoundly influencing renal function may 
help to explain some otherwise obscure chapters in the physiology of the 
kidney. Recent work has shown that, in some respects at least, the 
behaviour of the kidnev is independent of its nervous connexions and is 
determined by the concentration in the plasma of substances which it 
excretes, and by chemical substances elaborated elsewhere in the body, 
for example in the posterior lobe of the pituitary and in the suprarenal 
cortex. Exactly how these various influences are integrated, and what 
part, if any, renin plays in the final product are questions as yet un- 
answered. In this connexion it is relevant to consider dosage. It has been 
found in other experiments in progress in this laboratory that the renin 
content of rabbit’s kidney varies between about 0-4 and 5-0 unit/g., a 
very common value being 1 unit/g. If renin exerts its diuretic action 
solely by its effects on the general arterial pressure and glomerular 
vessels, then it would presumably act by being released into the general 
circulation, and the experiments here described indicate that the amount 
released would have to be of the order of I unit. An average pair of 
rabbit’s kidneys weighing 15 g. would thus contain only about 15 times 
the diuretic dose. If, however, renin acts directly on the tubule cells, 
then its presence in normal renal cortex might enable it to act on the 
kidney without entering the general circulation, and the amount requisite 
to change renal activity would be small; in this case also it might be 
possible for renin to affect the activity of the kidney without influencing 
the artenal pressure. 

SUXOIAET 

saline extracts of alcohol dried rabbit’s 
icclerate urine flow. Both effects are 


1. In the anaesthetized rabbit, 
kidney raise blood pressure and i 
abolished by boding the extracts. 
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2. In the hydrated unanaesthetized rabbit with a small initial rate 
of urine flow, renal extracts containing renin, in doses of 1 unit or more, 
produce a conspicuous diuresis lasting about an hour. The diuresis is 
not accompanied by any significant change in the excretion of en ogenous 
crea tinin e or in the rate at which injected creatinine is cleared from the 
plasma; changes in urea excretion are similar to those occurring m wa r 
diuresis. There is, however, a very large increase in the excretion o 
sodium and chloride, the percentage of chloride in the urine tending 
rise to, and slightly to exceed, that of the plasma. 

3. In the unanaesthetized rabbit, renin injected on the ascenoi g 

limb of the curve of water diuresis produced a transient inhibition fo owe 
by an increase in the flow of urine. With doses of less than 1 unit, the anti- 
diuretic effect alone may be observed, but with larger doses e ur 
effect is the more conspicuous. The rate at which injected creature 
cleared from the plasma is decreased during the phase o , q{ 

flow, and is not constantly or significantly altered during e P 
increased urine flow. The chloride content of the unne during the dim 

phase rises towards that of the plasma. ... , . .r ni.p 

4 When in the unanaesthetized rabbit the chloride con n 
urine is artificially raised by 1-5% saline ingestion, remn F" 
increased urine flow accompanied by a fall in the percentage of chlon 

in the urine towards that of the plasma. j uc6 

5 Injected intravenously, the dose of renin necessary to produce 

diuresis is greater than that producing a rise of arterial P” ,ur6 ' j, 

6. The antidiuretic actio, of renin in the uuannesth, eteed ablnt . 
attributed to its action on the glomerular vessels reducing the rate 

of renin in the unauaesthetiaed ,»hhit«u.» 
an inhibition of tubular reabsorption of water, aodrum and cWond • 
may represent the effects of a pressure drurest. m trtuoh relaWely^ 
nephrons are involved, but it is more probably due m par 
action of renin on the activity of the renal tubule cells. 

Oar thanks are offered to Prof. J. H. G “""" *" ^HeSS-ewe^ MpWeuggee- 
during the observations made on the dog, and to Dr Hans Heuer 10 

tions. 
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THE MECHANISMS OF DILUTION DIURESIS IN THE 
ISOLATED KIDNEY AND THE ANAESTHETIZED DOG 
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and Pharmacology, University College, London 

(Received 20 March 1940) 

The important contributions to the theory of renal secretion made by 
students of dilution diuresis began with Starling’s [1899] consideration of 
the influence of the colloid osmotic pressure of plasma proteins on the rate 
of glomerular filtration. Despite Magnus’s [1900] impression, based on 
extensive observations, that the diuresis was too great to be attributed 
solely to a change in glomerular activity, the view that tubular activity 
was not directly affected gained ground and was supported by Barcroft & 
Straub’s [1910] finding that dilution diuresis was unaccompanied by 
increase in metabolism of the kidney and was therefore a “mechanical” 
diuresis. This view was reinforced by Knowlton’s [1911] comparison of the 
effects of saline with gum-saline and gelatine-saline solutions, which 
identified the diuretic stimulus as a reduction in colloid osmotic pressure 
of the plasma. The purely “mechanical” view of dilution diuresis was 
strongly advocated by Cushny [1917] and has since been generally 
accepted as evidence in favour of the filtration theory of glomerular 
function in the mammal. 

Cushny [1917] concedes that “the change in the amount of urine in 
Magnus’s experiments is out of all proportion to the change in the con- 
centration of the colloids”, but he felt able to explain away the dis- 
crepancy on the grounds that the proportion of filtrate reabsorbed in the 
tubules would be lower during the diuresis, and that this would magnify 
the change in glomerular filtration rate which he apparently took to be 
proportional to the reduction in concentration of plasma colloids. 

More recently, observations on perfused kidneys have directed atten- 
tion to the disproportionately great diuresis produced by a small reduc- 
tion in colloid osmotic pressure of the plasma in comparison with that 

1 Assisted by a grant from the .Medical Research Council. 
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produced by an equivalent rise in arterial pressure [Winton, 1937], mth 
the implied suggestion that dilution diuresis is in part due to a direct 
action on tubular activity, inhibiting reabsorption of water. It is the 
main purpose of the experiments described below to measure this dis- 
proportion in the anaesthetized dog and in the isolated kidney, and to 
attempt to evaluate the glomerular and tubular factors co-operating in 
the production of dilution diuresis. 

The decision as to whether a form of diuresis is to be attributed to 
change in glomerular or tubular activity encounters a difficulty which is 
simply explained by an illustration. Suppose we may measure tbe 
glomerular filtration rate in terms of tbe creatinine clearance, and tbat a 
twofold diuresis involves an increase of urine flow from 1 to 2 % of tbe 
filtration rate. If tbe amount of water reabsorbed in tbe tubules remains 
unchanged, we should expect only 1 % increase in creatinine clearance, a 
change too small to detect with confidence in view of the other hazards of 
biological experiment. It would seem difficult to discover, therefore, 
whether even a considerable diuresis is due to a Bmall increase in glomer- 
ular filtration rate or to a small diminution of reabsorption in the tubules. 
Fortunately, the difficulty can be surmounted if tbe meanings attached to 
“change in glomerular activity” and “change in tubular activity” or 
more shortly “glomerular diuresis” and “tubular diuresis” are properly 
chosen and precisely defined. As far as we know, a change in glomerular 
filtration rate always involves characteristic and determinate changes in 
tubular activity, and glomerular diuresis should, therefore, be taken to 
imply the whole complex of glomerular and tubular changes consequent 
upon an increase in filtration rate. Similarly, tubular diuresis implies tbe 
changes occurring when diuresis is unaccompanied by increase in filtra- 
tion rate. 

To assign a particular type of diuresis to tbe glomerular or tubular 
class requires standards of reference. The standard here chosen for a 
glomerular diuresis is the change in a number of tbe constituents of urine 
produced by an increase in renal arterial pressure, and tbe standard 
chosen for a tubular diuresis is the corresponding change produced by 
increase in tbe urea content of tbe plasma. It is a further aim of this 
communication to give rather more formal precision to the ideas under- 
buug this way of distinguishing between changes in glomerular and 
tubular activity, though tbe ideas themselves have been implicit in 
several earlier communications [e.g. Yemey & Winton, 1930], 

The mechanism of dilution diuresis is particularly concerned with the 

iffetence between the glomerular capillary pressure and the intracap- 
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sular pressure, and in suitable circumstances [Winton, 1931a] changes in 
the latter can be estimated if the pressure fall from the glomerular 
capsule to the ureter be kept approximately constant by preventing 
changes in urine flow by appropriate changes in ureter pressure. We have, 
therefore, compared dilution diuresis with the standard formB of diuresis 
not only when the increase in urine flow is allowed to become manifest, 
without intentional changes in pressure head, i.e. “isobaric diuresis”, but 
also when the urine flow is kept constant by suitable adjustment to the 
pressure head, and the “ isorrheic diuresis ” is measured in terms of the 
change in arterial or ureter pressure. 

Methods 

The technique employed in experiments with the double pump-hmg- 
kidney preparation was the same as that described in our previous com- 
munication [Eggleton, Pappenheimer & Winton, 1940 a], The chemical 
methods were also as there described. 

Observations on the kidney in situ were conducted on dogs anaes- 
thetized with chloralose, 0-1 g./kg. Ureters were cannulated, and in some 
experiments the left kidney was denervated. The pressure in the renal 
artery was varied by adjusting a clamp placed on the thoracic aorta. This 
and certain details of procedure are described in more detail by Shannon 
& Winton [1940]. 

Dilution of the blood was achieved by adding a Ringer-Locke’s 
solution containing NaCl 0-76%, KC1 0-042%, CaCL, 0-024%, MgCh 
0-0005%, NaHC0 3 0-20%, dextrose 0-05 %. The higher value of bicarbo- 
nate than is usual was chosen in pump-lung-kidney experiments so that 
an appropriate pH would result from ventilation of the lungs with 5 % 
C0 2 . The degree of dilution of the plasma was estimated by measuring 
the total solids. 

Two or three consecutive samples of urine were collected under any 
given set of conditions after an appropriate time had been allowed for the 
composition to reach a steady value. It was observed that the usual 
procedure of allowing a definite volume of urine, say 3 c.c., to be formed 
in the hope that such a “wash-out sample” would be sufficient was 
unsatisfactory at high urine flows — the volume of the “wash-out sample 
being greater the higher the urine flow. At high rates of flow we often 
discarded 10 c.c. or more before beginning the collection of test samples. 
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Results 

The comparison of dilution diuresis with glomerular 
and tubular diuresis under isobaric conditions 
Isolated Tcidney. The disproportion between the degree of diuresis due 
to blood dilation and that due to an arterial pressure change which might 
be expected to produce about the same change in glomerular filtration 
pressure is shown in Table I. As a first approximation, the glomerular 

Table L Diuretic action of the changes in arterial pressure and in plasma protein concen- 
tration which may produce comparable changes in glomerular filtration pressure 

Percentage increase in urine flow due to 

( — ; ; ; — * 

Pressure diuresis Ringer diuresis 

(per 6 mm . Hg change (per 3 mm. change in 

in arterial pressure) colloid osmotic pressure) 


Isolated kidney 

21-1 ±3-5 

(9) 

136 ±20 

(7) 

Anaesthetized dog 

12-0 ±1-5 

146 ±31 

(denervated) 

(2) 

(10) 

Anaesthetized dog 

12-3 ±4-0 

212 ±30 

(innervated) 

(8) 

(20) 


capillary pressure in the isolated kidney may be taken as 60% of the 
arterial pressure [Winton, 19316], a reduction of 1% (e.g. from 8 to 
1%) in the serum protein concentration would imply a reduction of 
colloid osmotic pressure of about 3 mm. Hg, and tbe equivalent rise in 
arterial pressure should, therefore, be about 5 mm. Hg. If this were so, 
tbe disproportion between pressure and dilution diuresis would be six- to 
sevenfold. 

More precisely, tbe relevant osmotic pressure is the pioperly calcu- 
lated average of that in the serum entering the glomerular capillary, and 
that in the serum as it leaves the capillary deprived of the glomerular 
fluid. If this he taken into account, the reduction of colloid osmotic 
pressure effective in glomerular filtration corresponding with a change by 
1 % in the serum protein concentration may fairly be put at 4 mrn , Hg 
and the equivalent increase in arterial pressure should, therefore, be 
about 6 mm. Hg. This consideration, however, only reduces the dispro- 
portion between dilution and pressure diuresis to one of fivefold. 

A first approach to the problem whether the disproportionate magni- 
tude of dilution diuresis is due to an unexpectedly large increase in 
glomerular filtration or to a direct influence on the tubules reducing their 
^absorptive activity may be made by comparing the data represented in 
1J - ™ curvcs illustrate tbe changes in urine flow, and in tbe 
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chloride, creatinine and urea clearances characteristically associated with 
diuresis due to (1) dilution of serum, (2) increase in arterial pressure, and 
(3) increase in the urea content of the serum. The figures represent obser- 
vations on different kidneys. The experiment on pressure diuresis (Fig. 2) 



Serum protein {% normal value) 

Fig. 1. Dilution diuresis in the isolated kidney. The percentage increase in urine ^ 

in creatinine, urea, and chloride clearances with increasing dilution of serum P ro e 
Ringer’s fluid. Double pump-lung single kidney preparation. Initial values: ' nev 
weight 15*5 g., urine flow 0-18 c.c./min., creatinine clearance 8*7 c.c./ram., urea c ca - 
ance 2*44 c.c./min., chloride clearance 0-029 c.c./ min . 

was performed on the single pump-lung-kidney preparation. In the other 
experiments (Figs. 1, 3), each kidney was perfused alternately from two 
pump-lung circuits, the control circuit containing defibnnated blood the 
composition of which was kept as far as possible constant throug out o 
experiment, the second circuit being used for the addition o t e iure ic 
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agent in several stages. The blood in a double pump-lung single fadney 
preparation was well mixed, the two circuits only being separated short 
before the transfer of the kidney from the control circuit to that ,m which 
either Ringer’s solution or extra urea had been added to the defibrmated 
blood. 



Fig. 2. Pressure diuresis in the isolated kidney. The percentage increase in urine flow, and 
in creatinine, urea, and ehloride clearances with increase in arterial pressure. Single 
pump-long -kidney preparation. Initial values: urine flow 0-092 c.e.jmin., creatinine 
clearance 5-4 c.c./min-, urea clearance 0-59 c.c./min., chloride clearance 0-0019 c.c./min. 


Any point on the curves represents the increase in value when the 
kidney was on the diuretic circuit over the average of the two values 
obtained jnst before and after, when the kidney was on the control 
circuit. Inspection of Figs. 1-3 immediately shows that dilution diuresis 
is much more closely related to pressure diuresis than it is to urea diuresis. 
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In both, dilution and pressure diuresis the creatinine clearance increases, 
and the urea clearance increases relatively more. The increase in chloride 
clearance is less marked in dilution diuresis than in pressure diuresis, but 
in both there is a systematic increase which contrasts with the more 
complicated relation shown in urea diuresis. 



Serum urea (mg./lOO c.c.) 

Fig. 3. Urea diuresis in the isolated kidney. Tho percentage changes in urine flow, and in 
creatinine, urea, and chloride clearances with increasing serum urea concentration. 
Double pump-lung single kidney preparation. Initial values: kidney weight 23 g.. 
urine flow 0-307 c.c. /min., creatinine clearance 12-5 c.c./min., urea clearance 4-2 c.c./ 
min., chloride clearance 0-0006 o.c./min. 

In Table II we have brought together for quantitative comparison a 
series of values from a considerable number of experiments of the same 
kind. We have calculated all values for a doubling of urine flow assuming 
proportionality between the increase in the value and the increase in the 
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Table IL Isolated kidney. Isobaric diuresis. Shoeing the percentage changes in 
clearances, etc., calculated for a doubling of urine flow by different diuretic agents 


Percentage increase in 
Creatinine clearance 
Urea clearance 
Chloride clearance 
Total osmotic work 
Number of observations 
Mean percentage increase 
in unne flow 


Arterial 

Ringer’s 


pressure 

fluid 

Urea 

31 ±8 

24 ±7 

- 6 -*-4 

60-lIO 

45 ±5-7 

- 1±4 

220 —50 

90 ±13 

63 ±16 

3S±3 

41 ±4 

63 ±7 

9 

7 

8 

183 ±24 

396 ±130 

132 ±51 


urine flow. It will be seen from the curves given that such an assumption 
is only an approximation. Each value is expressed in terms of the mean, 
and the standard error of the mean. The increases in urine flow actually 
observed are included in the table, and the fact that the Ringer diuresis 
was considerably greater than the two other forms of diuresis should not 
be entirely ignored in a comparison of the other values shown. 

The salient features of the results expressed in Table II are (1) the 
increase in creatinine clearance in dilution diuresis and in pressure 
diuresis is considerable and not very different in amount, whereas, by 
contrast, there is no such increase in urea diuresis. Considerable urea 
diuresis usually involves a small reduction in creatinine clearance due to 
increased intrarenal pressure [Winton, 1933], and comparable with the 
reduction of 18% found [Bickford & Winton, 1937] when water reab- 
sorption is blocked by cooling the kidney. (2) In view of the greater 
increase in urine flow in the dilution diuresis, the increase in urea clear- 
ance is probably ratber greater in pressure diuresis than in dilution 
diuresis, there being no increase in urea diuresis. The lessening in re- 
absorption of urea with diuresis is, therefore, on the average less marked 
with dilution than with pressure diuresis. (3) Increases in chloride 
clearance occur in all three forms of diuresis, the increase being larger in 
pressure diuresis. Dilution diuresis differs from pressure diuresis in 
promoting the reabsorption of chloride. 

The evidence of Table II as to whether dilution diuresis is to be 
regarded as '‘glomerular” or “tubular” is, therefore, conflicting. It 
appears to be mainly glomerular with reference to the creatinine and urea 
clearances, but mainly tubular with reference to chloride clearance. As 
far as the elimination of water is concerned, however, and the problem of 
the disproportionately great dilution diuresis is primarily concerned with 
this constitueut of the urine, the creatinine clearance is the surest guide to 
[■l mcc ^ niam Evolved, and this would suggest that in the isolated 
kidney dilution diuresis is mainly a glomerular diuresis. This suggestion 
ra. xcvm. 
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is supported by our previous finding [Eggleton el al. 1940a] that the 
increase in total osmotic work done in pressure and dilution diuresis is 
not significantly different, whereas that in urea diuresis is usually some- 
what higher. This involves the conclusion that a given change in colloid 
osmotic pressure of the serum produces a much greater change in glome- 
rular filtration rate than does a comparable change in hydrostatic 
pressure across the glomerular membrane, i.e. that either the perme- 
ability or the surface area of the glomerular membrane has undergone 
substantial increase. 

Anaesthetized dog. The disproportion between dilution diuresis and the 
pressure diuresis due to a change in hydrostatic pressure comparable with 
the change in colloid osmotic pressure is even greater in the anaesthetized 
dog than in the pump-lung-kidney preparation. If a change in arterial 
pressure of 5 mm. Hg be regarded as equivalent to a change by 1 % in the 
concentration of serum protein, as above, dilution produces about fifteen- 
fold the diuresis produced by an equivalent change in hydrostatic pressure 
(Table I). We have separated our results on innervated and denervated 
kidneys in Table I to indioate that they are sufficiently alike to justify 
considering them together in Table III. If, for reasons given in the 
previous section, the arterial pressure equivalent of a change by 1 % in 
serum protein be taken as 6 mm. Hg, the disproportion in diuresis is 
reduced to one of about thirteenfold, which still implies a major dis- 
crepancy in the theory of dilution diuresis currently adopted. 

The plan of the experiments on anaesthetized dogs from which the 
data in Table III were obtained was less elaborate than that adopted in 

Table HI. Anaesthetized dog. Iso baric diuresis. Showing the percentage changes in 
clearances, calculated for a doubling of urine flow by different diuretic agents 



Arterial 

Ringer’s 

Urea 

Percentage increase in 

pressure 

fluid 

Creatinine clearance 

14 ±3 

4 ±3 

-10 ±2 

Urea clearance 

35 ±2 

20 ±5 

1 ±4 

Chloride clearance 

476 ±70 

400 ±70 

52 ±30 

Number of observations 

10 

30 

4 

Mean percentage increase 
in urine flow 

107 ±44 

439+87 

249 ±30 


connexion with Table II; it is illustrated in Fig. 4 and involves following 
the progressive changes due to successive doses of the diuretic agent 
without the intermediate returns to control conditions rendered possible 
by the double perfusion arrangement. Such a procedure has greater 
justification in the anaesthetized dog, for under our experimental con- 
ditions the urinary output and composition remain fairly constant if not 




3.0 3-30 4.0. 4.30 5.0 p.m. 

Fig.4 . Dilation diuresis in the chloralosed dog. The increase in urine flow, and changes in the 
creatinine, urea, and chloride clearances with decreasing concentration of serum pro- 
tein due to addition of Ringer’s fluid. A broken line is inserted at 1 % total solids, so 
that the values above thi3 indicate the approximate concentration of plasma protein. 
Dog 10-5 kg. Kidney denerrated. Arterial pressure increased from 95 mm. Hg to 
110 mm. before 3.30 p.m. and was kept approximately at that value thereafter 
by appropriate removal of blood. 
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intentionally changed as indicated in Fig. 7, whereas the output of the 
isolated kidney systematically declines as the experiment progresses as 
indicated in Fig. 6. The characteristic effects of dilution diuresis are seen 
in Fig. 4 and in more quantitative form in Table III. In contrast with the 
isolated kidney, the kidney in situ responds to dilution of the plasma with 
a change in creatinine clearance which is definitely smaller than that 
associated with the same increase in urine flow produced hy raising the 
arterial pressure. In our few observations on the action of urea in the 
anaesthetized dog secreting under isobaric conditions the creatinine 
clearance decreased, and it might be fair in respect of this variable to 
place dilution diuresis about half-way between pressure diuresis and urea 
diuresis, although dilution diuresis produced no significant increase in 
creat inin e clearance. The fall in creatinine clearance during urea diuresis 
may well have been due to a rise in intrarenal pressure, and a similar nse 
may have prevented a greater increase in clearance during dilution diuresis. 
It may be recalled that pressure diuresis differs from urea diuresis in being 
unaccompanied by a change in intrarenal pressure [Winton, 1936]. 

The urea clearance increases in dilution diuresis by something of the 
order of one-half the increase in pressure diuresis, there being no change in 
clearance during urea diuresis. 

The increase in chloride clearance due to dilution is about the same as 
that in pressure diuresis in the anaesthetized dog, whereas in the isolated 
perfused organ dilution diuresis resembles urea diuresis more closely in 
this respect. 

The evidence with regard to the mechanism of dilution diuresis in the 
anaesthetized dog is, therefore, more definite than it is in the isolated 
kidney. A twofold increase in urine flow accompanied by little increase 
in creat inin e clearance, which is substantially less than the increase 
produced in pressure diuresis of the same extent, cannot be attributed 
solely to an increased rate of glomerular filtration. It is clenr that, in this 
preparation dilution of the plasma produces a specific change in tubular 
activity inhibiting reabsorption of water, and that dilution diuresis is in 
large part due to this action on the tubules, and only in a smaller degree 
to an increase in glomerular filtration. 

The comparison of dilution diuresis with glomerular 
and tubular diuresis under isorrhcic conditions 

Isolated kidney. A more exact analysis of the effects of dilution of the 
serum can bo based on observations in which the increase in urine flov is 
just, prevented bv suitable reduction of the pressure head governing the 
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constant by variations in meter pressure (Fig. 6); tins provides for a 
direct comparison of the forms of diuresis due to arterial pressure, dilu- 
tion and urea acting under isorrheic conditions, and probably enables the 
variations in pressure in the glomerular capsule to be measured fairly 
accurately [Winton, 1931a]; nevertheless we have recently discovered a 
small effect of meter pressure on tubular activity [Eggleton, Pappen- 
heimer & Winton, 19406] and this complicates the interpretation of the 
changes in composition of the mine. 

The procedure adopted in experiments designed to compare dilution 
and pressure diuresis under isorrheic conditions is illustrated in Fig. 5. 
When the kidney is transferred to the circuit containing diluted blood, 
the arterial pressme is also reduced to an extent necessitated by the 
condition that the urine flow is to remain unchanged. This adjustment is 
not easy and requires experience and constant attention throughout the 
experiment. The adjustments were made relatively quickly and precisely 
with the aid of the recording urine flow-meter described by one of us 
[Winton, 1939]. After a suitable delay during which a steady state was 
obtained, two or three consecutive samples of urine secreted from the 
diluted blood were collected. The kidney was then restored to the control 
circuit, the arterial pressme being raised just far enough to compensate 
for the more concentrated blood, and after suitable delay two or three 
successive samples of mine were collected. In this way the composition 
of the urine and the arterial pressme during isorrheic dilution diuresis 
could be fairly compared with the average value for the same variables 
obtained before and after on undiluted blood, in spite of the gradual 
decline in the creatinine clearance. 

The main points demonstrated by Fig. 5 are the order of accuracy of 
our technique in keeping the urine flow constant, the fact that the steady 
decline in creatinine clearance is not substantially accelerated or retarded 
during the periods of dilution diuresis, and the relation between the degree 
of dilution of the serum and the change in arterial pressme needed to 
neutralize its efFect on the urine flow. For simplicity, the variations in 
mea and chloride clearances have been omitted from Fig. 5, but included 
in the summary of data in Table IV. 

A corresponding experiment in which an increase in meter pressure 
was adjusted so as to neutralize the increase in urine flow due to serum 
dilution is illustrated in Fig. 6. It shows again the order of accuracy 
achieved in matching the mine flows, it shows the relation between the 
equivalent meter pressmes and serum dilution when the serum is pro- 
gressively diluted, but it differs from Fig. 5 especially in showing a small 
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systematic reduction in creatinine clearance during dilution diuresis 
. have found a similar decline in creatinine clearance -when ansein 
iter pressure is neutralized by an increase in arterial pressure, the com 
dtion of the blood remaining unchanged [Eggleton etal. 1940 b], and the 
dine shown in Fig. 6 cannot, therefore, be attributed to serum ntion. 



4.0 5.0 6-0 7.0p.m. ' 


Fig. 6. Isorrheic dilution diuresis in the isolated kidney. Showing relation between ureter 
pressure and degree of dilution when urine flow is kept constant, and the small decrease 
in creatinine clearance dne to rise in ureter pressure. Double pump-lung single kidney 
preparation. Kidney weight 20 g. Initial blood flow 135 c.c./mia. Arterial pressure 
130-132 mm. Hg. 

Our observations on isorrheic diuresis in the isolated kidney are 
summarized in Table IY, all values being reduced to the percentage 
change per 100 mm. Hg, on the assumption that the change in valuers 
proportional to the change in pressure. This assumption is made for 
simplicity in presentation, and is only approximately trne. It should be 
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LE n . Isolated kidney. Isorrheic diuresis. Showing the percentage changes in clear- 
ances w en increase of urine flow due to various diuretic agents was prevented bv 
eerease in arterial pressure or by increase in ureter pressure. Results expressed per 
100 mm, Hg change in pressure 



Controlled by 
changes in 

Controlled by changes in ureter pressure 

- _ A 

Diuretic agent 
Percentage change in 

arterial pressure 
Ringer’s fluid 

Arterial 

pressure 

Ringer’s 

fluid 

\ 

Urea 

Creatinine clearance 
Urea clearance 
Chloride clearance 

-13-5 ±15 
+ 6-6±8 
-80 ±39 

-47±12 

-20±10 

-19±50 

-73 ±22 
- 17 ±20 
-127 ±53 

-148±15 
- 144±23 
-24±52 

Number of 
observations 

9 

12 

11 

4 

Mean increase in 

34 

45 

38 

40 

pressure (mm. Hg) 



noted that whereas 100 mm. Hg change in ureter pressure probably 
represents nearly the same change in pressure in the glomerular capsule, 
a change of 100 mm. in arterial pressure probably represents only 60- 
65 mm. change in the glomerular capillaries. The salient features of these 
results are (1) with reference to the creat inin e clearance, both arterial and 
ureter pressure experiments indicate an approach of dilution diuresis to 
pressure diuresis, but taken together both suggest that this approach may 
be incomplete and that a small inhibition of tubular reabsorption of water 
may contribute to the phenomena, (2) with reference to urea clearance, the 
approach of dilution to pressure diuresis seems complete in both types of 
experiment, urea diuresis giving widely different values, and (3) with 
reference to chloride clearance, there appears in both types of experiment 
to be a smaller output of chloride during dilution diuresis than in pressure 
diuresis, and the few observations on isorrheic urea diuresis suggest that 
dilution diuresis involves also a smaller output of chloride than does 
urea diuresis. The averages of the increases in pressure actually observed 
are given at the foot of the table, and show that the magnitude of isorrheic 
diuresis was of the same order in the different classes of experiment 
tabulated. 

Anaesthetized dog. The observations on the kidney in situ secreting 
under isorrheic conditions were planned less elaborately than those on the 
isolated kidney for reasons described at the beginning of the section on 
isobaric diuresis in the whole animal. Many of the experiments summar- 
ized in Table V were simpler and more direct in design than that depicted 
in Fig. 7, which was chosen for illustration because it showed in one 
experiment many of the important features of both dilution and urea 
diuresis as manifested in both its isobaric and isorrheic forms. Isobaric 
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dilution diuresis is shoum to produce only a trivial increase in creatinine 
clearance, but a more considerable increase in the urea and chloride 



4 


0 

US 2.30 3.0 3.30 4.0 4.30 5-0 5.30p.m. 

Fi?- Isorrheic diuresis in tbe chloralosed dog. Changes in creatinine, nrea, and chloride 
clearances when the increased urine flow dne to (o) Ringer's fluid, (6) nrea, is reduced to 
the pre-diuretic level by rise in ureter pressure. A broken line is inserted at 1 % total 
solids, so that the values above this indicate the approximate concentration of plasma 
protein. Dog IS kc. Kidney denervated. 


clearances. A rather severe isobaric nrea diuresis, on the other hand, is 
accompanied by a fall in creatinine clearance, no great change in nrea 
clearance and a rise in chloride clearance. 


352 M. G. EGGLETON AND OTHERS 

The influence of isorrheic dilution diuresis on the composition of the 
urine is shown in the summary of our observations in Table . e c ® 
reason for the differences in the decline of creatinine and urea dear™ 
shown under the headings “arterial pressure” and “ureter pressure 

Table V. Anaesthetized dog. Isorrheic diuresis. Showing the percentage “ 

clearances in dilution diuresis when urine flow is prevented ™ ® J iqO mm. 
arterial pressure or by an increase in ureter pressure. Results expressed per 1W 

Hg change in pressure 


Creatinine clearance 
Urea clearance 
Chloride clearance 

Number of observations 
Mean increase in pressure 
(mm. Hg) 


Controlled by 
changes in arterial 
pressure 

-57 ±17 
-32 ±21 
-44 ±82 

6 

56 


Controlled by 
changes in ureter 
pressure 
-76 ±14 
-75 ±20 
+ 465 ±245 
8 
32 


that 100 mm. change in arterial pressure represents 
of the change in glomerular pressure rthreh » 

change in ureter pressure. It is not known whe comparable 

modifies tubular activity in the whole animal m any 7 V j tis 
with the small effect of this kind it produces m the isolated 

clear that if dilution of the plasm. * “tre is reduSn b 

pressure, such that there is no change in unn ’ mj ie changes in 
creatinine clearance, and probably also in urea clearance. The 

chloride clearance are variable. 

The hydrostatic ■pressure equivalent to a change in the 

colloid osmotic pressure of the serum . _ 

The technique of measuring pressure changes during ^^riLents 
diuresis is sufficiently described m connexion <p a ble VI ’ 

charted in Figs. 5-7. These measurements are "amd ^ 
and for the sake of comparison are expresse T j )C hydrostatic 

calculated for a change by 1% m P . f t heir diuretic effect to a 

pressures given in the table are thus equivalent in their d, ^ ^ 

change in cofloid osmotic pressure of the pla® « j ^ ^ change in 
The disproportion between these pressure g corresponds ^tb 
colloid osmotic pressure is immediately appar > dilution 

the disproportion in the extent of the isobanc ^ ^ ivalcntg 

described above (Table I). The disproportion inthep to the 

in comparisons made on the anaestheMxed ^ht be a„ ^ ^ 
change in tubular activity accompanying dilute 
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Tabu VL Pressure changes (mm- Hg) required to neutralize the diuretic motion of i 
1% reduction (e.g. from 8%to 7 %) of plasma proteins due to dilubon with Kroger fim 


Pressure increase 
Humber of observations 
Average reduction in % 
concentration of plasma 
proteins 


Pressure decrease 
if umber of observations 
Average reduction in % 
concentration of plasma 
protein s 


Ureter pressure 

Isolated kidney 
21 = 2-1 
II 

1- 7 

Arterial pressure 

Isolated kidney 
15=1-9 
15 

2- 06 


Anaesthetized dog 


©enervated 
21 =4 
3 

1-59 


Innervated 

36 ±12 
6 

1-34 


Anaesthetized dog 


Denervated 

18=0-3 

o 

2-23 


Innervated 

50=3 

3 

1-5 


to be indicated by observations summarized in. Tables lii and \ . In tbe 
isolated kidney, however, the observations summarized in Tables II and 
IV have emphasized that an increase in glomerular filtration appears to 
be tbe major factor in dilation diuresis. 

To appreciate the significance of the values of the pressure equivalents given in Table VI 
it is essential to take account of the presence of intrarenal pressure and the fact that it 
appears to increase during dilution diuresis but not during pressure diuresis [H inton, 1936] . 
Tate, for example, the arterial pressure equivalent in the isolated kidney; the 15 mm. 
change in the artery mould correspond with about 10 mm. change in the glomerular 
capillaries, but to this reduction in pressure head should be added a value, probably about 
10 mm , corresponding to the increase in intrarenal pressure due to dilution of the serum, 
this 10 mm. acting like a back pressure comparable with that of ureter pressure. If there 
had been no change in intrarenal pressure, the arterial pressure equivalent might well have 
been 30 mm. instead of 15 mm. In our observations on the ureter pressure equivalent on the 
isolated kidney we contrived to prevent such masking of the true pressure equivalents by 
raising the ureter pressure at the beginning of the experiment above any likely intrarenal 
pressure, and measuring the further increase in ureter pressure equivalent to serum dilution 
from this base line. This value of 21 mm. may be a few pier cent too high for reasons given 
elsewhere [Eggleton d at. 19406], and our fairest estimate of the change in hydrostatic 
pressure head across the glomerular membrane equivalent to a change by 1 % in serum 
protein would be 20 mm . Hg in the isolated kidney. The observations on the ureter pressure 
equivalent in the anaesthetized dog were unfortunately conducted without the precaution of 
an initial rise in ureter pressure. Since a pre-existing intrarenal pressure would act like a 
small ureter pressure, whereas when the ureter pressure was raised during isorrheic dilution 
diuresis this would mask all effects of intrarenal pressure, the values for ureter pressure 
equivalents may be too high by an amount equal to the intrarenal pressure, if any, in the 
anaesthetized dog before administration of the diuretic. 

Consequently, referring to the values in Table VI, the arterial pressure equivalents are 
lower than and poonbly only one-half the true equivalents, the ureter pressure equivalent on 
the anaesthetized dog is, if anything, too high, and only the ureter pressure equivaleut in the 
I'olated kidney thonld be accepted as fairly representing the pressure change across the 
glomerular membrane. 
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The question as to whether the hydrostatic pressure equivalent is 
proportional to ser um dilution has not been investigated, but the 
average values of the dilutions actually used were sufficiently alike, as 
shown in Table VI, in the different classes of our experiments to yield 
fairly comparable results. 


The change in blood flow through the kidney accompanying 
dilution diuresis 

It has previously been observed [Whittaker & Win ton, 1933] that v hen 
an isolated kidney perfused with defibrinated blood is suddenly trans 
ferred to perfusion with Ringer’s solution at the same temperature, after 



a quite transient increase, the Ringer flow settles down to a ^ j e 
than the blood So., and ia often as low as one-tktd ,ts ongm.1 
This was attributed [Winton, 1937] to the phenomenal from 

renal pressure which obstructs the outflow of th ' j K ’" S " sking the 
the kidney, and so reduce, the effective “h't of 

consequences of reducing the viscosity of the pert 
blood to that of Ringer’s solution. 
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We have recorded the variations in blood flow in all om experiments 
on isolated kidneys, and though the effects of dilution of the serum axe 
somewhat variable, it would be fair to say that we usually found very 
little change in blood flow with moderate dilution, and some reduction in 
flow with considerable dilution. The characteristic relation is well shown 
in Fig. 8, in which the change in blood flow through the isolated kidney 
is contrasted with that in the hindlimb of the dog perfused under similar 
conditions. The curve for the hindlimb is deduced from data git en by 
Whittaker and Winton. appropriate allowance being made for the change 
in concentration of serum protein in the fashion indicated by Trevan 
[1918], The interpretation of the relation in Fig. 8 would appear to be 
that a small dilution of the blood may produce a small increase in blood 
flow, appropriate to the reduction in the viscosity of the blood. If 
dilation proceeds bevond this, the development of intrarenal pressure 
obstructs the outflow of blood and thus produces a reduction of pressure 
head which about compensates for the further reduction in the viscosity 
of the blood. Beyond a dilution corresponding with a reduction of semm 
protein by about 3° c (e.g. from 8 to 5%) this compensation breaks 
down, the intrarenal pressure rising more steeply and effectively reducing 
the blood flow. 

Discussion 


The disproportionately great effect of serum dilution when the 
diuresis due to a given change in colloid osmotic pressure is compared 
with that due to about the same change in hydrostatic pressure across the 
glomerular membrane has been shown both in the isolated kidnev and in 
the anaesthetized dog. In the isolated kidney the disproportion appears 
to average about sevenfold, there being good agreement between the 
measurements made under isobaric and isorrheic conditions. In the 
anaesthetized dog. while the disproportion appeared about the same or a 
little less in a few observations under isorrheic conditions, it was greater, 
amounting to fifteenfold in the more numerous observations on isobaric 
diuresis. The fact that the disproportion is greater in the organ in situ 
than after isolation is due to the smaller change in urine flow for a given 
change in arterial pressure; the increase in flow for a given degree of 
dilution of the plasma is about tbe same in the denervated kidnev as it is 

m the bolated tidne >' (Table I). The interpretation of the disproportion 
appears to be rather different in the two preparations. 

In the iv > 'atfd hdney. comparing equal changes in serum colloid 
mmotic presume and in hydrostatic pressure in the glomerulus, dilution 
produce, not only a sevenfold increase in urine flow but about a sixfold 
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increase in creatinine clearance. Moreover, if the increase in urine flou 
due to dilution be prevented by reducing the arterial pressure, t e 
isorrheic dilution diuresis is accompanied by a hardly perceptib e re 
tion in creatinine clearance. Now Shannon & Winton (1940) have 8 
that the creatinine clearance is not a safe guide to the glome ar 
tion rate in the isolated kidney, particularly at high U/P ratios n ® 
experiments described in this communication, however, the / 
were below 40, and, therefore, within the range over which creatinine an 
inulin U/P ratios are identical. It would seem fair, therefore, to adop 
creatinine clearance as at least a qualitative guide to the rate o g 
ular filtration. If so, it is clear that the chief reason for the unexpecte ) 
great diuretic action of serum dilution is an unexpectedly grea 111 
in glomerular filtration, supplemented in quite a minor way by a c g 
in tubular activity, involving a smaller reabsorption of water. 

A possibility may be envisaged, that the excessive diuresis follow^ g 
dilution of the blood is due to an increase in glomerular capillary p - 
comparable with that produced by caffeine, without chang ^ 

arterial pressure. This possibility can be excluded for , ined 

(1) diuresis due to considerable dilution could often on y e P 
by a rise of glomerular pressure well above the artena press ’ 

(2) isorrheic diuresis would be accompanied by a reduction in ea dy 

of blood in the vasa afferentia and efferentia, which for reas ^ 

indicated [Winton, 1937] would if anything lower the glomerula p 
slightly in relation to the arterial pressure rather than raise t • 

The reason for this great increase in rate of 
dilution diuresis when the pressure head across the m 
changed must be either that the surface area of the memb ' JJ. 

enlarged or that the permeabihty of the membrane is P 

“ons have been given against supposing tijtthePJ .portion of 

active glomeruli vanes in the mammalian “ e 7 t isolated kidney 
grounds for regarding this proportion as consta h ^ 

under our conditions have also been given M inton, 1 J J 
considerable increase in the number 

a different value of creatimne clearance from th individual 

form of dilution diuresis. Increase in the u ired 

capillaries in the glomerular tuft would, howe ^ higtologicn I 

consequences, but such a change seems m intracapsular space 

evidence [Brodie, 1914] that during diuresis it is the mtr P 
Lther than the glomerular tuft which increases in sue. 



MECHANISMS OF DILUTION DIURESIS 


The hypothesis of a variation in permeability of the glomerular 
membrane has fallen into disrepute because it has commonly been used 
as a cloak for ignorance of the mechanism of diuresis, and entirely without 
specific reference to the pressure-flow relation across the membrane. 
Dilation diuresis in the isolated kidney, however, has now been shown to 
involve a large increase in filtration rate in circumstances involving little 
change in filtration pressure (isobaric diuresis), whereas a large reduction 
in filtration pressure is required to prevent the filtration rate changing 
from its prediuretic value (isorrheic diuresis). This describes a change in 
pressure-flow relation which may fairly be taken to define an increase in 
permeability to water of the glomerular membrane. 

When ultrafiltration is proceeding across the glomerular membrane 
at its usual high rate, the layer of serum in immediate contact with the 
membrane must contain protein in higher concentration than the average 
protein concentration of the serum in the capillary. Such a highly concen 
trated layer would presumably present considerable obstruction to ultra 
filtration comparable with that encountered in nltrafiltration throug] 
artificial membranes. If so, dilution of the serum might produce ; 
reduction in this obstruction and a fall in pressure head greatly in exces 
of the small theoretical change associated with the change in colloi 
osmotic pressure. It is not certain, therefore, that the increase in pe; 
meability due to dilution of the serum involves a change in the propertii 
of the cells constituting the glomerular membrane. 

The variations in the urea clearance during dilution diuresis will 1 
discussed in a future communication devoted to an analysis of the uxe 
creatinine clearance ratios in various forms of diuresis. The chloric 
clearance is substantially lower in dilution diuresis, in both its isobar 


and isorrheic forms, than in a corresponding pressure diuresis ; this is so 
spite of the increase in chloride content of the serum which accompani 
dilution produced, as it has been in our experiments, by adding Binge 
solution to the blood. It would seem that such dilution has a direct effi 
on the tubule cells, promoting reabsorption of chloride, but whether t 
effective stimulus is the reduction of colloid osmotic pressure or sor 
slight change in ionic balance in the serum cannot certainly be decidi 
In the anaesthetized dog the justification for regarding the creatirv 

: ot fctioul zzZ 

he identity of the inulin and creatinine clearances at all TJ/P rat 
tSWon k Vinton, 1940J. In isotarin Mon dinresi, them mar k. 
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increase in creatinine clearance. Moreover, if the increase in urine flow 
due to dilution be prevented by reducing the arterial pressure, the 
isorrheic dilution diuresis is accompanied by a hardly perceptible reduc- 
tion in creatinine clearance. Now Shannon & Win ton (1940) have shown 
that the creatinine clearance is not a safe guide to the glomerular filtra- 
tion rate in the isolated kidney, particularly at high U/P ratios. In the 
experiments described in this communication, however, the U/P ratios 
were below 40, and, therefore, within the range over which creatinine and 
inulin U/P ratios are identical. It would seem fair, therefore, to adopt the 
creatinine clearance as at least a qualitative guide to the rate of glomer- 
ular filtration. If so, it is clear that the chief reason for the unexpectedly 
great diuretic action of serum dilution is an unexpectedly great increase 
in glomerular filtration, supplemented in quite a minor way by a change 
in tubular activity, involving a smaller reabsorption of water. 

A possibility may be envisaged, that the excessive diuresis following 
dilution of the blood is due to an increase in glomerular capillary pressure, 
comparable with that produced by caffeine, without change in renal 
arterial pressure. This possibility can be excluded for two reasons: 

(1) diuresis due to considerable dilution could often only be explained 
by a rise of glomerular pressure well above the arterial pressure, and 

(2) isorrheic diuresis would be accompanied by a reduction in the viscosity 
of blood in the vasa afferentia and efferentia, which for reasons already 
indicated [Winton, 1937] would if anything lower the glomerular pressure 
slightly in relation to the arterial pressure rather than raise it. 

The reason for this great increase in rate of glomerular filtration in 
dilution diuresis when the pressure head across the membrane is un- 
changed must be either that the surface area of the membrane is greatly 
enlarged or that the permeability of the membrane is correspondingly 
increased. 

Reasons have been given against supposing that the proportion of 
active glomeruli varies in the mammalian kidney [White, 1939], and the 
grounds for regarding this proportion as constant in the isolated kidney 
under our conditions have also been given [Winton, 1937], In any case, a 
considerable increase in the number of active glomeruli would give quite 
a different value of creatinine clearance from that observed in the isorrheic 
form of dilution diuresis. Increase in the surface area of individual 
capillaries in the glomerular tuft would, however, produce the required 
consequences, but such a change seems in conflict with the histological 
evidence [Brodie, 1914] that during diuresis it is the intracapsular space 
rather than the glomerular tuft which increases in size. 
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As disillusion has so often followed the most convincing advocacy of 
renal theories, it may he well, in conclusion, to summarize those of our 
results which can easily be expressed in a form independent of theoretical 
beliefs, even the belief that the creatinine clearance is related to the rate 
of glomerular filtration. We may set out (Table VII) the characteristic 

Table TIL The difference between pressure and dilution diuresis expressed as a percentage 
of the difference between pressure and urea diuresis (from data in Tables II— V) 

Isolated kidney 



/- i 

b ^ 

Anaesthetized dog 


Isobaric 

Isonrheic 

Isobaric 


diuresis 

diuresis 

diuresis 

Creatinine clearance 

19 

26 

42 

Urea clearance 

24 

0 

42 

Chloride clearance 

S3 


17 

Total osmotic work 

12 

— 



changes in the composition of the urine induced during dilution diuresis, 
compared with the standards of reference we have chosen, namely, 
pressure diuresis and urea diuresis. Each figure in the table represents 
t e difference between the values for dilution and pressure diuresis in 
respect of one variable, expressed as a percentage of the corresponding 
fference between the values for pressure and urea diuresis. Those who 
that Pressure diuresis is primarily due to increase in glomerular 
trahon, or who define “glomerular diuresis” in this way, and that urea 
" e sis rs primarily due to change in activity of the tubules, or who 
vJ? • diuresis ’’. in this ™>uld interpret the values in 

e ,. 11 as i a £ uicle t0 the magnitude of the tubular factors 
operating m dilution diuresis. 


l ' V 01 ? mechanism of dilution diuresis has been investigated in the 
St eta “ 1 > *“> preparation b/coMplt 

i„ J ,“” dM "*“* nd area diuresis, both coder isob.rie conditions 
i c h “ d “ ctanged, and undet isorrbeic conditions’ 
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“T r - * <— 

P— re oVaTL 2 t *° * “ “«d osmotic 

ph. xcvm. Hg CaD JU5t be prevented by a mean 
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of the same magnitude. The creatinine clearance in considerable isobaric 
urea diuresis falls, presumably owing to the development of intraTenal 
pressure, though this has not been measured in the anaesthetized animal. 
It is evident that dilution diuresis in the whole animal involves a much 
greater change in tubular activity than in the isolated kidney. The 
inhibition of tubular reabsorption of water is a factor in the diuresis at 
least as important as, and possibly more important than, the increase in 
the formation of glomerular filtrate. 

This interpretation is confirmed by those observations on isorrheic 
diuresis in which dilution of the blood was accompanied by a suitable 
reduction in arterial pressure, there being a substantial fall in creatinine 
clearance although the urine flow is unchanged. The significance of the 
observations in which a rise in ureter pressure counteracted the diuretic 
influence of blood dilution is doubtful, because no information is yet 
available about the direct effect of ureter pressure on tubular activity in 
the anaesthetized animal. 

It has become usual in recent years to regard the phenomena of water 
diuresis and of dilution diuresis as entirely distinct, the former being 
attributed to inhibition of the tubular reabsorption of water, and the 
latter to an increase in glomerular filtration. As we have now demonstrated 
that there is an inhibition of tubular reabsorption of water which is 
a major factor in dilution diuresis, this distinction is no longer so 
clear cut. 

It should be emphasized that this tubular factor is detected by con- 
trasting dilution with pressure diuresis, and the changes in tubule activity 
concomitant on increased glomerular filtration in pressure diuresis are 
not concerned in the evaluation of this factor. The question whether the 
effect of blood dilution on the tubules is due to a change in colloid 
osmotic pressure, and if so whether this effect is a direct one on the tubule 
cells or an indirect, involving possibly some hormonal mechanism in the 
animal, is under investigation by our colleague Dr L. Podhradszky. 

The changes in chloride clearance during dilution diuresis are again 
rather different in the anaesthetized dog from those found in the isolated 
kidney. In the whole animal there is in isobaric diuresis an increase in 
chloride clearance nearly as great as that in pressure diuresis, but since 
this is accompanied by an increase in creatinine clearance which is much 
smaller than that in pressure diuresis, we may infer an inhibition of 
reabsorption of chloride as a consequence of blood dilution. A similar 
inference may be drawn from our observations on isorrheic dilution 
diuresis in the anaesthetized animal. 
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THE INACTIVATION OF ADRENALINE 
IN VIVO IN MAN 

By DEREK RICHTER 

From the Central Pa, ltd logical Laboratory, Wee, Park Hospital, Epsom 
( Received. 23 March 1940) 

Experimental work on the sympathetic nervous system has be 
up to a considerable extent by our ignorance of the way m which adrena- 
line is inactivated in the body. In many experiments, or examp , 
which the effects of adrenaline are measured, the rate o mac lva 0 
adrenaline comes in as an unknown and possibly varia e ac or a , 
the apparent sensitivity of the system to adrenaline. It has frequently 
been assumed that adrenaline is destroyed in the b ody by autoxi a on , 
but the growing evidence that adrenaline may be concerned in the trans- 
mission of impulses by the postganglionic sympathetic neurons raises the 
question of whether there is an enzymic system in the body w c mac 
rates adrenaline in the same way as choline esterase inactivates ace y 
choline. 

Experiments in vitro have shown that adrenaline is readily oxidized 
by a number of different enzymic systems. These include (a) catechol 
oxidase [Abderhalden & Guggenheim, 1908), (6) the cytochrome system 
[Green & Richter, 1937], (c) amine oxidase [Blaschko, Richter & Schloss- 
mann, 1937; Richter, 1937], (d) peroxidase and (e) pseudophenolases such 
as the copper-protein complexes [Bhagvat & Richter, 1938] , but it is not 
yet known to what extent any of these systems are concerned in the 
inactivation of adrenaline in vivo. 

Bacq [1938] has supported the view that adrenaline is inactivated by a 
catechol oxidase, but Bhagvat & Richter [1938] were unable to find an 
active catechol oxidase in mammalian tissues. Gaddum & Kwiatkowsld 
[1938] concluded that adrenaline is oxidized in vivo by the amine oxidase, 
since the effects of adrenaline are augmented by ephedrine which in- 
hibits this enzyme, and they have put forward a theory of the action of 
ephedrine which is based on this view; but Richter & Tingey [1939] have 
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increase in ureter pressure of 21 +2 (11) mm. Hg in experiments on the 
isolated kidney so designed as to prevent interference by changes in 
intrarenal pressure. Disproportionately high arterial and ureter pressure 
equivalents were also found in isorrheic diuresis in the anaesthetized dog 
(Table VI). 

4. Comparisons of changes in creatinine and urea clearances in both 
the isobaric and isorrheic forms of diuresis due to dilution, pressure and 
urea show that dilution diuresis in the isolated kidney is mainly due to 
increase in the rate of glomerular filtration, whereas in the anaesthetized 
dog a change in tubular activity involving reduction in the reabsorption 
of water is a major factor (Tables H-V). 

5. In spite of the increase in plasma chloride concentration after 
administration of Ringer’s solution, there is an increased reabsorption of 
chloride in the isolated kidney. In the anaesthetized dog, on the other 
hand, dilution diuresis involves diminished reabsorption of chloride. 

6. The disproportionately increased glomerular filtration rate during 
dilution diuresis in the isolated kidney is attributed to increased per- 
meability to water of the glomerular membrane, possibly owing to lessen- 
ing of an obstruction due to protein in the layer in immediate contact 
with the membrane, the protein being highly concentrated because left 
behind during rapid ultrafiltration. 
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In order to test for the presence of conjugated derivatives the urine 
was hydrolysed by heating for 1 hr. with 10% sulphuric acid. It was 
then found to contain a phenolic compound which was readily separated 
from the urine by adsorption on aluminium hydroxide and identified as 
corbasil by (a) the green colour reaction with ferric chloride, (b) the red 
colour fading to yellow given with aqueous iodine in potassium iodide, and 
(c) the characteristic violet colour, extractable by butyl alcohol, given by 
treating at pH 5-2 with alcoholic iodine followed by sodium thiosulphate. 



% 1. Rate of elimination of conjugated corbasil derivative after taking 60 mg. at time 

marked by arrow. 


0 reduce oxidation in the intestine) Conit, ont / * l hydrochloric acid 
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recently shown that the rate of oxidation of adrenaline by the amine 
oxidase is probably too slow to account for the rate of inactivation 
observed in vivo. It is therefore impossible to draw any conclusions as yet 
from these in vitro experiments as to the way in which adrenaline is 
inactivated in the tissues in vivo. 

A new approach to this problem has now been tried by attempting to 
identify reaction products in the urine after administering adrenaline and 
other sympathomimetic amines of the adrenaline series. These amines are 
all toxic substances which can be given only in relatively small amounts, 
but some of them are easier to investigate in this way than adrenaline as 
they can be given in much larger doses. 

The inactivation of adrenaline by the amine oxidase might be ex- 
pected to lead to the formation of protocatechuic acid, (OH) 2 C e H 3 COOH, 
which would be excreted in conjugated form in the unne. Weinstein &■ 
Manning [1937] have reported the excretion of a substance similar to 
protocatechuic acid, after giving large doses of adrenaline, in the rabbit. 
Inactivation by catechol oxidase, the cytochrome system or pseudo- 
phenolases forms adrenochrome which is an indol derivative and might be 
expected to appear in the urine as a conjugated indole derivative. 

The experiments with corbasil and other amines were done to obtain 
further evidence as to the activity in vivo of the different inactivating 
systems. 

Cokbasel 

dl- Corbasil, (OH) 2 C 6 H 3 . CHOH . CHlNpyCHg , which is derived from 
ephedrine, was chosen for examination in the first place since it is not 
oxidized by the amine oxidase and inactivation by this enzyme could 
therefore be excluded. It has previously been shown that amines such ns 
ephedrine, which are not oxidized by the amine oxidase, are generally 
excreted in the urine unchanged [Richter, 1938], and it was expected that 
corbasil would also be excreted unchanged unless inactivated by another 
system. 

Preliminary experiments showed that added corbasil could be separ 
ated from urine by adsorption on aluminium hydroxide at pH 9 anc 
elution with phosphoric acid. It could then be estimated by the iodine 
method commonly used for estimating adrenaline. 

Corbasil is known to be active when taken by mouth [Hartung, 
Munch, Miller & Crossley, 1931]. Doses up to 50 mg. were taken by the 
author (76 kg.) by mouth, but no free corbasil could be found in the unne 
although the methods used were sufficiently sensitive to detect on ex- 
cretion of 1 mg./hr. or 2 %/hr. of the amount taken. 
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(/-Adrenaline 

^-Adrenaline, (OH) 2 C 6 H 3 . CHOH . CHjNHCHg , differs from the natural 
/-adrenaline only in the spatial configuration of the CHOH group , it is 
oxidized by the amine oxidase and cytochrome system but not quite as 
rapidly as the naturally occurring isomer. 

Urine was collected before and after taking 55 mg. d-adrenaline 
(100 mg. d-adrenaline ditartrate with 0-2 g. glycine and 1 ml. 2% acetic 



Fig. 2. Rate of elimination of conjugated d -adrenaline in urine after ta kin g S5 mg. at time 

marked by arrow. 

acid in 50 ml. by mouth). No free or combined protocatechnic acid and 
no free (/-adrenaline was found in the urine, but after hydrolysis with 
acid d-adrenaline could be separated by adsorption on al uminium 
hydroxide and elution with phosphoric acid; it gave the green ferric 
chloride reaction and characteristic violet colour of iodoadrenochrome 
trith alcoholic iodine followed by sodium thiosulphate at pH 5-2. 

Baie of elimination. Conjugated d-adrenaline was estimated in the 
urine by the method given below for /-adrenaline. The rate of elimination 
was maximal some 4 hr. after administration (Fig. 2 ). The amount of 
(/-adrenaline found in the urine after hydrolysis was 39-2 mg. in 21 hr. 
after administration or 71% of the amount taken. 
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amount of corbasil found in the hydrolysed urine up to 9 hr. aftei ad- 
ministration was 24 mg. or 48 % of the amount taken, but the elimination 
was probably not complete in that time. 

Epinine 

Epinine, (OH) 2 C 6 H 3 . CU^CHpUHCflg , is oxidized much more rapidly 
than adrenaline by the amine oxidase, and might therefore be expected to 
be oxidized by this enzyme in vivo and eliminated as protocatechuic acid, 
unless conjugation and elimination in the same way as corbasil is a more 
rapid process. Urine was collected before and after taking 60 mg. 
epinine by mouth (61 mg. hydrochloride with 0-2 g. glycine and 1 ml. 5% 
acetic acid in 60 ml. water). No free epinine was found in the urine on 
testing by the colour reaction with iodine. 

Test for protocatechuic acid. The specimens of urine (40 ml.) were 
heated with 3 ml. cone. ILjSO^ on the boiling water-bath for 30 min., 
cooled and extracted with 160 ml. ether. The ether was now extracted 
with 20 ml. 5 % sodium bicarbonate, the extract shaken with an excess 
of solid sulphanilic acid and treated with 0-1 ml. A T /10 iodine solution in 
6 % potassium iodide. Under these conditions protocatechuic acid gives 
a red colour visible at concentrations down to 0-02 mg./ml. The tests on 
the urine were all negative. 

Test for conjugated epinine. The urine was treated with an excess of 
25 % lead acetate and filtered. The filtrate was brought to pH 8 with 6 % 
ammonia solution (cresol red), allowed to stand for 1 hr. and the precipi- 
tate collected by decanting the clear solution and centrifuging the residue. 
The precipitate was decomposed with a slight excess of N sulphuric acid 
(acid to congo red) and the lead sulphate centrifuged off. The resulting 
solution, after hydrolysis under the conditions described, gave the 
characteristic reactions of epinine with ferric chloride and aqueous and 
alcoholic iodine. 

The colour given by epinine with iodine is an orange red which is not 
suitable for quantitative estimation in the presence of the urinary pig- 
ments, but a rough colorimetric estimation indicated that the amount of 
conjugated epinine in the urine was between 30-60% of the amount 
taken. 

The green colour given by epinine with ferric chloride depends on the 
presence of the catechol group. Since this reaction was positive after, but 
negative before, hydrolysis, the conjugated derivative could not contain a 
free catechol group; this means that conjugation must occur at one of the 
phenolic hydroxyl groups. 
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The normal dose of adrenaline for subcutaneous injection in man is 
ibout 1 mg. Doses of 15 mg. adrenaline taken rritlx 0*1 g. glycine an 
10 mL 1 % acetic acid in 50 ml. water by tbe author by mouth. 4 hr. after 
a meal caused marked blanching of the skin, sweating on the^ face, 
diarrhoea, a feeling of abdominal discomfort, a rise of 20 mm. in the 
systolic blood pressure and a rise of 51 mg./lOO ml. in the blood sugar 
(Tig. 3). A dose of 30 mg. adrenaline taken with 0-1 g. glycine and 10 ml. 

1 % acetic acid in 50 mL water caused, in addition to these effects, 
marked glycosuria and severe abdominal pains which persisted for several 
hours. It was therefore evident that adrenaline was active when taken by 
mouth when precautions were taken to prevent oxidation in the intestine. 

Elimination. Analogy with corbasil, epinine and d-adrenaline 
suggested that ^adrenaline might also be eliminated by conjugation, 
though in view of its physiological significance it was possible that there 
might he an entirely different svstem specially designed for the inactiva- 
tion of 1-adrenaline. Examination of the urine after taking 10—30 mg. 
adrenaline failed to show the presence of any free adrenaline, but after 
hydrolysing with acid the presence of adrenaline was shown by every 
test that was applied. The isolation of small amounts of adrenaline from 
relatively large amounts of urine presents a technical problem that has 
not yet been solved, but fortunatelv adrenaline gives a number of very 
specific colour reactions which enable it to be identified with a high degree 
of certainty without actual isolation. The tests applied were best, shown 
after partial purification of the conjugated adrenaline derivative by lead 
acetate precipitation and extraction with alcohol as described below: the 
adrenaline derivative was then hydrolysed by heating for 30 min. with 
10% sulphuric acid. The tests include (a) the green colour reaction with 
ferric chloride, due to the catechol nucleus, ( b ) the red colour fading to 
yellow with aqueous iodine in El followed by sodium thiosulphate, due 
to the formation of adrenochrome, (c) the orange colour given on treating 
adrenochrome with hydroxylamine, due to the formation of adreno- 
chiome oxime [Green & Richter, 1937], (d) the violet colour on warming 
adrenochrome with Ehrlich’s reagent (p-dimethylaminobenzaldehvde), 
due to the indole structure, (e) the violet colour with alcoholic iodine 
at pH 5-2 followed by sodium thiosulphate, due to iodoadrenochrome 
[Richter k Blaschko, 1937], (/) the reduction of arsenomolybdic acid and 
specific test with XaOH described by Shaw [193S], and (p) the inhibition 
of isolated strips of rabbit intestine. Tests for free or conjugated proto- 
catechuic acid or for an increased elimination of indole derivatives, using 
Ehrlich’s reagent, were negative. It was concluded that adrenaline was 
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1-Adrenaline 

Activity of adrenaline when taken by mouth. It is commonly stated in 
the literature that adrenaline is inactive when given by month [Gunn, 
1939; Martindale, 1936; Tuohy & Essex, 1937], though it has been shown 
repeatedly that the effects of adrenaline are obtained when it is given by 
mouth in animals [Menninger, 1927 ; Dorlencourt, Trias & Paychere, 
1922; Giragossintz & Mackler, 1929]. It is to be expected that adrenaline 



Fig. 3. Systolic blood pressure and blood sugar (by Hagedorn V Jensen method) after 
taking 15 mg. /-adrenaline by mouth at time marked by arrows. 

will be partially oxidized at the alkaline y?H of the intestine unless pre 
cautions are taken to prevent this, but the most probable reason for the 
apparent discrepancy in the literature is that when adrenaline is gnen 
by mouth it is considerably diluted and in part inactivated during the 
passage through the liver before it reaches the general circulation, much 
larger doses are therefore required to produce a given effect than when it 
is given subcutaneously or intravenously. In agreement with this view it 
has been shown that the effects produced by adrenaline are much less 
when it is injected into the portal vein than when injected into the 
peripheral veins [Markowitz & Mann, 1929]. 




368 JD. RICHTER 

eliminated in the same way as the other dihydrosyphenylethylamine 
derivatives, by conjugation. 

Hydrolysis of conjugated adrenaline. In order to deter min e the 
optimum conditions for hydrolysis flasks containing 40 ml. urine collected 
after taking 15 mg. adrenaline were heated with 3 ml. cone. HjSOj for 
varying periods on a boiling water-bath and the amount of free adrenaline 
formed was estimated by the method described below. The optimum time 
of hydrolysis was about 30 min. and there was a marked falling off in the 
amount of adrenaline found with longer periods (Fig. 4); this indicated 
that the hydrolysis was not entirely quantitative, but the amount of 
adrenaline lost in 30 min. was probably not large. 



Fig. 4. /-Adrenaline estimated in urine containing conjugated derivative after hydrolysing 

for different times. 

Estimation of conjugated adrenaline. Attempts to estimate adrenaline 
in the urine by the arsenomolybdat-e method of Shaw [1938] were only 
partially successful since it gave a high blank value which had to be 
subtracted from the figures obtained with adrenaline. The following 
method, which is similar to that described by Richter & Tingey [1940], 
was found to be more satisfactory and was generally used: 

The urine was hydrolysed by heating 40 ml. with 3 ml. cone. H,S0, in a 50 mi. measur. 
ing flask for 30 min. on a boiling water-bath. To 16 ml. of the hydrolysed urino was added 
0-5 ml. 1-6% glycine, 0-2 ml. saturated sodium acetate and sufHcient thymol bluo to giro a 
clear red colour. The mixture was cooled by shaking in a wide test-tube in a basin of cold 
water and brought to pH 4-0 by dropping in 40% sodium hydroxide, earo being taken to 
avoid an excess. A precipitate which formed was filtered off at once and the residue on 
the filter-paper washed through with 10 ml. water. An aluminium hydroxide suspension 
(2 ml.) was nowadded, the mixture brought to a grey-blue colour with S % sodium hydroxide, 
centrifuged and the supernatant solution discarded. (The aluminium hydroxide sus- 
pension was prepared by adding lOg. sodium hydroxide in 40 ml. water to a solution pre- 
pared by dissolving 60 g. potassium alum in 400 ml. hot water and cooling to about 20’: 
the precipitate was filtered, washed twice with water and suspended in 200 ml. wafer.) The 
precipitate containing adsorbed adrenaline was shaken with 1 ml. 25 % sodium dihydrogen 
phosphate and 0 ml. water. The solution obtained on centrifuging again was decanted into a 
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Table I. Recovery of amines in the urine 

Dose Time urine Amount found 
mg. base/ was collected in urine Percentage 
76 kg. hr. mg. recover)’ 

60 9 24 48 

60 15 15-30 30-60 

65 21 39-2 71 

10 7 3-0 30-00 

10 20 6-6 65 

15 9 10-5 70 

30 20 20'7 69 

(Estimations by the iodine method except in Exp. 5 in which the areenomolybdate 
method was used.) 

The concentration of conjugated adrenaline in the urine rose to a 
value corresponding to 33 pg. adrenaline/ml. in the urine obtained 5 hr. 
after taking 30 mg. adrenaline. Taking the blood volume as 5 1., the con- 
centration in the blood could not be higher than 6pg./m 1. so that the 
kidneys must be able to concentrate the derivative to a considerable 
extent. 

Purification of conjugated adrenaline derivative. Attempts to isolate 
the adrenaline derivative from the urine have not hitherto succeeded, but 
methods have been worked out which enabled a partial purification to be 
effected. In this work various methods of fractional precipitation, etc., 
were tried and the behaviour of the adrenaline derivative was followed by 
hydrolysing the fractions and estimating adrenaline as described. 

The adrenaline derivative was precipitated by lead acetate at 
alkaline but not at neutral pH, and by making use of this it could be 
separated from a large number of other substances present in the mine. 
An excess of 25 % lead acetate solution was added to the urine, the bulky 
precipitate filtered off and the filtrate adjusted to pH 9 with ammonia. 
On standing, a fine precipitate separated. This was collected, washed and 
decomposed by adding dilute sulphuric acid (strongly acid to congo red). 
The adrenaline derivative was found in the clear solution obtained on 
centrifuging. 

A further considerable purification was obtained by evaporating the 
aqueous solution nearly to dryness and extracting with a small volume of 
95% alcohol. This dissolved most of the adrenaline derivative and left a 
gummy residue of impurities. On fractionally precipitating the alcoholic 
solution with barium hydroxide the adrenaline derivative was present 
mainly in the later fractions. \Vhen the barium compound was decom- 
posed with sulphuric acid and the resulting solution, after neutralizing 
with sodium hydroxide, was slowly evaporated in a desiccator, various 


Exp. , 

1 Corbasil 

2 Epinice 

3 d-Adrenaline 

4 (-Adrenaline 
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sodium salts crystallized out and were separated. The adrenaline deriva- 
tive was then left as a hygroscopic amorphous mass. Many attempts to 
crystallize a potassium or a barium salt were unsuccessful. 

The conjugated adrenaline derivative differed from adrenaline in 
that it was not adsorbed on aluminium hydroride at pH 9 and this could 
he used for separating them. It was very soluble in water, soluble in 
90% alcohol, less soluble in absolute alcohol, slightly soluble in ether, 
insoluble in chloroform. It was decomposed by heating for 30 min. with 
dilute sodium carbonate. 


Chemical constitution of conjugated derivative. The conjugated adrenn- 
e did not give the green colour characteristic of the catechol grouping 
wth ferric chloride, though this reaction was readily obtained after 

y olyais. This indicated that conjugation had occurred at one of the 
phenolic hydroxyl groups. 

ft Ana ^ ogy y^h the elimination of other phenols made it appear likely 
a adrenaline may be eliminated either as a sulphate ester or as a 
g ycuronide. Partially purified specimens of the adrenaline derivative 

r on!/ 1 ? 6 gIycuronide tests with naphthoresorcinol and showed less 
a n j hydrolysis after incubation for 5 hr. at 37° with emulsin; tests 
ras p ate ester were positive. No final conclusions can be drawn until 
conjugated adrenaline derivative has been isolated in the pure state, 
ester Sv ^ experiments show that it has the properties of an 

adrem,V \ A 6asUy hydrolysed by acida ari d suggest that it may be 
hne-3or 4-o-hydrogen sulphate, which would normally exist as a 

^tterion, S0 3 0(0H)C 5 H, . CHOH . CH, . NHCH 3 . 

men7oT° n / ad r maline iU tke rabbiL A large rabbit (2’5 kg.) was 
» ml. , g ' *<“ e and 1 mL 1 % «cetic acid m 

c! coniTOM ^° r &86 i» ‘1" ™e, but the presence 

after hjidj-sie b 7 positive test, tor adrenaline 

•“"iotZtotc w ' s Uanni “ g [1937] the 

hydrolyeed , ' adlmmstering adrenaline; but they 

tomj t “ PT 7 ^ ^ *"“*• Sb “ protocatechuic acid l 

"t aM ' U cot.® from 


Discussion 


doses O-l^O A 6VldeQce tbat adrenaline administered 

a -amly eliminated in the urine in 

winch has the properries of an adrenaline ester in 
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which esterification has occurred at one of the phenolic hydroxyl groups. 
This ester has not yet been obtained pure, but preliminary experiments 
suggest that it may be the sulphate ester and the inactivating system the 
“ sulphosynthase ” or system responsible for the conjugation of phenols 
with sulphate in the body. 

The observation that adrenaline is eliminated by conjugation instead 
of being oxidized by the amine oxidase in the same way as phenylethyl- 
amine and most other amines [Richter, 1938], indicates that conjugation 
is more rapid than oxidation by the amine oxidase and suggests that it 
is probably the main physiological method by which adrenaline is 
inactivated in the body. The detoxication of phenols by conjugation is 
known to occur mainly in the fiver [Pelkan & Whipple, 1922] and this 
agrees with the physiological evidence that the liver is also particularly 
effective in removing adrenaline from the circulation [Elliott, 1905; 
Trendelenburg, 1929]. 

The simplest interpretation of the present observations is that there 
is no special system in the body for the inactivation of adrenaline, but 
that it is detoxicated by conjugation in the same way as other toxic 
phenols. On the other hand, the work of Quick [1932] challenges the view 
that the “sulphosynthase” and “ glycuronidosynthase ” are primarily 
concerned in detoxication and indicates that these systems may have 
some more important physiological function. It is suggestive that under 
normal conditions the conjugation of the simple phenols by these 
systems is generally incomplete and a considerable proportion of the 
phenol may be eliminated unchanged [Novello, Wolf & Sherwin, 1925], 
while with adrenaline the conjugation was remarkably complete and no 
unchanged adrenaline was ever found in the urine. This suggests that the 
inactivating system may be specially adapted for inactivating adrenaline, 
which is probably more toxic and of greater physiological significance 
than the other phenols normally eliminated in this way. 

It should he possible to test experimentally the view that adrenaline 
is normally inactivated by conjugation by administering other phenols, 
which should inhi bit the inactivation by competing with adrenaline for 
the inactivating system and should so increase and prolong the effects of 
adrenaline. This experiment has already been carried out. Many years 
ago Barger & Dale [1910] observed the effect of catechol in raising the 
blood pressure, and more recently Bncq [193G] has shown with a series of 
polyphenols that they augment and prolong the effects of adrenaline and 
of stimulating the sympathetic nerves in vivo. 

Bacq concluded that the polyphenols act by inhibiting the autoxidn- 



INACTIVATION OF ADRENALINE IN VIVO IN MAN 373 

tion of adrenaline since phenols have been shown to act as autosadatio 
inhibitors in vitro. This interpretation is very improbable since the tissues 
aheady contain a tit-oxidation inhibitors which are far more power 
than the relatively small amounts of phenols administered . there is a o 
no evidence that adrenaline is oxidized in vivo. The present work suggests 
that adrenaline is mainly inactivated by conjugation and that the 
polyphenols act in augmenting and prolonging the effects of adrenaline 
by inhibiting this process. In so far as it is possible to draw an analog} 
between the adrenergic and cholinergic mechanisms, the parts play ed by 
eserine and choline esterase would appear to be represented in the 
adrenergic system by the polyphenols and “sulphosynthase . 

Summary 

1. Corbasil, epinine and d- and 1-adrenaline administered in doses of 
0-13-0-66 mg./kg. by mouth in man are mainly eliminated in the form of 
conjugated derivatives in the urine. 

2. Conjugation occurs on one of the phenolic hydroxyl groups and 
the derivatives formed are probably the sulphate esters. 

3. The rates of elimination of conjugated corbasil and d- and T 
adrenaline have been measured. 

4. Up to 70% of the amounts of adrenaline administered were found 
in the urine after hydrolysis. 

o. Adrenaline is active when given by mouth if precautions are taken 
to prevent oxidation in the gut. 

6. Epinine and d- and Z-adrenaline are not eliminated to any measur- 
able extent as protocatechuic acid. 

7. It is concluded that conjugation is the main physiological process 
by which adrenaline is inactivated in the body and that the inactivation 
of adrenaline in this way may be intimately related to the observed 
activity of adrenaline and the functioning of the sympathetic nervous 
system in vivo. 

The author wishes to thank Prof. S. Xevin for his interest and the Rockefeller Founda - 
lion for supporting this investigation. 
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YebzIb k Laszt [1936] have put forward the very interesting theory that 
one of the functions of the adrenal cortex is to facilitate phosphorylation 
in the animal body, and that during adrenal cortical insufficiency the 
phosphorylating capacity of the organism is impaired. The conversion of 
riboflavin to riboflavinphosphate is, therefore, according to this theory, 
one of the metabolic processes which is disturbed by a lack of the 
cortical hormone. 

Riboflavin is pre-eminently a growth factor. If it is withheld from the 
diet of young rats growth ceases after a few weeks, and will only take 
place again when riboflavin or riboflavinphosphate is supplied. Eor 
intact rats there is no apparent difference between the two ; riboflavin is 
converted to the phosphate and the young rat can use the vitamin in 
either form. After adrenalectomy however, according to Yerzdr & Laszt, 

' ^ l)s is no longer possible and the vitamin must be supplied in the 
phosphorylated form. This supposition seemed to us to offer a starting 
pomt from which an improved method of assay of extracts of the adrenal 
cortex might be evolved. The sensitivity of the test could be increased 
^7 adding riboflavin to the diet, and the survival time of the controls 
could be decreased by removing riboflavinphosphate from the diet. It 
was hoped that the resulting graded growth response could be used to 
interpret adrenal cortical activity with a greater degree of accuracy than 
has hitherto been posrible. With this end in view an examination of the 
Phosphorylation theory as applied to the conversion of riboflavin to 
nboflavinphorphate was undertaken, 
ra. xcvin. 


23 
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Experimental 

The work reported in this paper can be separated into the following 
groups : 

(1) Experiments to show the effect of riboflavin, riboflavinphosphoric 
acid and cortical extract on the survival time after adrenalectomy of 
young rats receiving a riboflavin-free diet (a) whose stores of this vitamin 
were being depleted during the course of the experiment, ( b ) whose stores 
of riboflavin had been fully depleted before the start of the experimental 
period. 

(2) Similar experiments to show the effect of these substances when 
the diet was complete, for rats from two different colonies. 

(3) Experiments to show the influence of the particular diets them- 
selves on the survival time after adrenalectomy. 

Operative technique. Young albino rats of either sex of 35-45 g. are 
employed. The rat is anaesthetized with nembutal (pentobarbital sodium), 
0-15-0-20 ml. of a solution containing 0-65 mg./ml. being injected intra- 
peritoneally. Anaesthesia develops in about 5 min. and is deepest after * 
about 20 min. The anaesthesia may be completed by the judicious 
administration of small amounts of ether. We have found this method of 
anaesthetization very suitable for this operation. Since the rats did not 
fully recover from the anaesthetic for some hours after the operation, 
they were given a few drops of a 1 in 4 sugar solution by the mouth, 
when they were sufficiently recovered to take it, in order to minimize 
any effect due to partial starvation overnight. The operation was per- 
formed as described by Schultzer [1936]. Of 1044 rats operated in this 
way, in these and other experiments, 114 (10-9%) failed to survive 
48 hr. after the operation, and 42 (4-0%) failed to die after cessation 
of treatment. Of these 42 rats, remnants of cortical tissue were found 
on post-mortem on the right side in all except two. These figures are 
similar to those reported by other workers [Schultzer, 1936; Blanchard 
& Tallman, 1938]. 

Housing and care of rats. The rats used in these experiments were 
albinos from an inbred colony from the Nutrition Department of the 
Pharmaceutical Society, except in Exps. 10 and 13 in which black and 
white rats were used from an inbred colony, and were kindly supplied 
by Dr S. K. Kon at the National Institute for Research in Dairying. The 
rats were obtained at weaning, which was about 23 days, and their 
weights were between 35 and 45 g. They were housed in cages with wire- 
mesh grid bottoms, and wood-wool was supplied as bedding. Fresh tap 



THE CORTICAL HORMONE AND RIBOFLAVIN 377 


water was given each. day. In the first three experiments each group of 
rats was placed in one cage, but in subsequent experiments each animal 
was put in a separate cage, since there was reason to believe that the 
eating of a dead animal by the other animals decreased the survival time 
of the latter. Litters and sexes were divided as equally as possible 
among the various groups in any one experiment. The animals were 
weighed each day to within 1 g. 

Wnght. Change in body weight has been calculated at death for 
those animals which failed to survive the test period, and at the cessation 

of treatment for those rats which did not die until after the treatment 
had been stopped. 


iboflavin deficiency first retards and then prevents growth, which is 
resumed only when the dietary deficiency is made good. Adrenalectomy 
bits growth in normal animals, and as all our animals were 
ena ectomized we found it necessary to give adrenal cortical hormone 
o e r to induce growth. Those animals which suffered from riboflavin 
ciency as well as from adrenalectomy did not grow unless both 
enal cortical hormone and riboflavin were given (Tables I and II). In 
_ , 3 , t an ^ even treatment failed to cause an increase in weight, 
I* ** ™ ^ <■> «» member, of 

reach tf. gr0UP t 0 i° lir ratB f! '‘ J aveca ge daily increase in weight 
« WX ™ tae f W mt, of the same age. iL 

m Te a mpr) - do3es of actlve substances given were so chosen as to 

changes of eithe ^ 7 * maximum res P onse - order that weight 
any one e^efiLenf °* * magnifcude could be observed in 

was TT* °! ^ COrtical bormo!ie > 1 ml - of which 

(Messra Alien and H h C ° ttC *’ W&S * Sample of euc ortone 

saline so th at hah d2ntod * normal 

uutaneously morning 6 f ^ ™ C ° nWd * 0d ^ -b- 

tht crystalline material f tW^n° n ‘ Th ® nboflavm was Prepared from 
beshly made at W h f g ' ™ contaiaed in 1*0 ml. and was 

sli gbtly acidified iiSleTn 6 & Tt “ ^ d “ fflled water ^ cb 

injections were given the rib fl ^ ^cutaneous 

was supplied to f sweetened with a drop of syrup 

e5 perienc€(l with mdividaal disbes - No difficulty was 

Was a sample of “Lactafl * u° 3e ' nboflav mphosphoric acid 

I’M mg kiSr T^7 h r 5are ” ^ am P°^, 2 ml. con- 
mg. fondly suppbed by Dr E. Oddie of Messrs Bayer and 


378 


H. M. BRUCE AND R. WIEN 


Co., Ltd. {This solution retained its biological activity for several 
months. Seven rats, which had remained approximately steady in 
weight for nearly 4 weeks were given a daily dose for 6 days of 30*25 pg. 
riboflavinphosphoric acid which had been stored for 5 months. Growth 
restarted at once in all cases and the rats grew from 15 to 22 g., average 
18-4 g. in the week.) It was given directly into the animals’ mouths by 
means of an Agla micrometer syringe. As adrenalectomized rats appeared 
to be especially sensitive to external influences of any sort, in the later 
experiments animals, including controls which were not being treated 
■with any particular active substance were, nevertheless, given an 
equivalent dose of the medium in which the active substance was being 
administered to other animals. Thus all rats received an injection, 
whether of active substances or only saline, and all rats received a dose 
by mouth, water or weak syrup being given to those rats which did not 
receive riboflavinphosphoric acid. Yeast was used in some experiments 
as a rich source of riboflavinphosphate, the same sample of dried brewer’s 
yeast being used throughout, except in Exp. 3 /, where baker’s yeast 
was used. 

Treatment was started 24 hr. after operation, and those rats which 
failed to survive a further 24 hr. after the first dose or which failed to die 
after cessation of treatment and showed remnants of cortical tissue on 
post-mortem examination were discarded as unsuitable. 

Counting of survival limes. Survival times were counted from the 
time of operation itself, so that a nim als received the first treatment on 
day 1. Counts were made each day first thing in the morning. Animals 
which survived until the morning but died during the day were counted 
as having survived until the next day. 

Interpretation of the results. The variation among members of any one 

group was considerable. The variance, = where d= the difference 

of each individual result from the mean for that group and n = the 
number of animals in the group, and the standard error e, were calculated 
for each group of rats. The significance of the difference between the two 
means was tested by a calculation of the value of “f” from the formula 

t > -where and rw 2 are the two mean values, and e 1 and e 2 

the standard errors of those means. From tables of “t” the probability 
of the observed difference being due to ohance was found. 

Experiments with riboflavin deficient diets, (a) In the first experiments 
(Table I) the rats received the riboflavin-free diet either on the day 
following the operation or for some days before, but adrenalectomy was 
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Taiim: IV. Tho effect of diet on tlie survival time of young rats after adrenalectomy 


Xo. Average Probability that 
which survival differences 


K\|). 


Strain of 

Xo. of survived 

timo 

ore duo to 

no. 

Diet 

rats 

rats 

10 doys 

days 

chance 

11 

Ribollavin-frcc + wheat 

M'istar 

8 

4 

6-9 

— 


extract 

Stock diet B 


0 

0 

5-4 

>0-3 <0-4 

12 

Bibofliivin-frco without 

Wistar 

11 

10 

11-4 

<0-001 


wheat extract 

Stock diot B 


10 

1 

GO 



13 

Riboflavin-free without 

Black 

0 

0 

G-8 

— 


wheat extract 

and 






Stock diet A 

white 

11 

0 

3-8 

<0001 

14 

Riboflavin-frco without 

Wistnr 

0 

o 

0-5 

— 


wheat oxtmet 

Stock diot A 


G 

1 

5-8 

>0-1 <0-2 


The experiment was repeated four times. In three out of four 
experiments the rats receiving the riboflavin-free diet survived longer 
and shoved a greater variation than their litter mates receiving either 
of the stock diets, and it must be concluded that a difference exists 
between these two types of diet. Although in all the three experiments 
when tho diet was riboflavin-free the survival time was increased, and 
the addition of wheat extract in one experiment appeared to abolish tbs 
effect, there is no reason to believe that the absence of riboflavin, or of 
any of the other members of the vitamin B 2 complex, is solely responsible 
for the prolongation of the survival time after adrenalectomy. On the 
contrary, it appears from the experiments recorded in Table II that if 
the rats themselves are in a state of riboflavin deficiency, they are then 
more than usually susceptible to lack of cortical hormone. Protein, 
carbohydrate, sodium chloride and potassium, and calorie value have all 
been shown to influence the survival time after adrenalectomy [Cleghom 
et al. 1936], Without making a detailed analysis of all the possibilities it 
would be misleading to attribute the difference observed in this case to 
any particular factor. It is however possible that here the effect is due 
to the sodium and potassium contents of the diets. On analysis 1 the 
following values were found in respect of these two elements : riboflavin- 
free diet: sodium 14-87 mg./g., potassium 1-84 mg./g. ; stock diet A: 
sodium 7-58 mg./g., potassium 5-64 mg./g. Both the higher sodium and 
the lower potassium intake on the riboflavin-free diet would tend to 
prolong life after adrenalectomy. These results demonstrate very clearly 
the necessity of including a negative control group in every experiment 

1 Wo are indebted to Mr G. B. West of tho College of the Pharmaceutical Society for 
the analysis of these two diets. 
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the riboflavin made no difference. Exp. 6 gave results more comparable 
with those of Verzdr Sc Lnszt. Although both eucortone and riboflavin 
prolonged life when given separately the effect was much increased when 
they were given together. The fact that when rats are suffering from 
extreme deficiency of riboflavin as well as cortical deficiency, it is 
necessary to make good both deficiencies in order to prolong life in- 
definitely, does not show that there is any fundamental connexion 
between them. 

(4) Riboflavinphosphnte should differ from riboflavin in that it 
should prolong life indefinite!)*, even when no eucortone is given. Verzdr 
Sc Laszt found that it prolonged life both on a normal diet and on a 
riboflavin-free diet. When the effects of riboflavin and riboflavinpbos- 
phate were directly compared, both on complete and deficient diets in 
our Exps. 3, 4, 7 and 8, there was no significant difference between 
them. The small differences which occurred were in the contrary direction 
to that required by the theory. The doses used were 20-40 fig. per day 
of the pure substances. The result cannot be explained on the assumption 
that the riboflavinphosphate had dissociated, since it was found to 
contain no free phosphate after the experiments were completed. Verzdr 
& Laszt used 40-G0 fig. per day of a preparation containing 33% of 
riboflavinphosphate. Their result might possibly be due to other sub- 
stances in thoir preparation, but if this was so, their result would not 
support their theory. 

(5) Verzdr Sc Laszt found that the addition of yeast to the diet 
prolonged life and attributed this to the riboflavinphosphate in the yeast. 
In our Exps. 2, 3 and 8 the addition of yeast, either to complete or to 
deficient diets, had no significant effeot on the survival time, but m 
Exp. 9 the addition of large quantities of yeast actually shortened life. 
There is no evidence of what constituent of the yeast had this effect, but 
it may have been potassium. 

The results can be summarized in the statement that we have repeated 
all the experiments described in the paper by Verzdr & Laszt, and have 
consistently failed to co nfir m the results on which their theory depends. 
We believe that the explanation is to be found in the fact that they 
based all their conclusions on the comparison of the rats used in one 
experiment with the rats used in another experiment, presumably carried 
out at a different time. The survival time of adrenaleotomized rats is 
liable to vary from time to time, owing to numerous causes, known and 
unknown, and false conclusions may be reached unless litter-mate 
controls are used. If our investigations had been confined to the groups 
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of rats numbered 2 a, 6c, 16, 7c and 3 f they might have been interpreted 
as confirmation of Verz&r & Laszt’s theory. 

Another possible source of error is the inclusion of rats from which 
the adrenals have not been completely removed. In our experiments, 
data obtained from the small number of such rats, which did not die 
when injections of eucortone ceased, were rejected. There is no evidence 
that Yerzfir & Laszt took this precaution, so that some of their long 
survivals may have been due to this cause. 

Although Pijoan & Oberg [1937] confirm the original findings of 
Yerz&r & Laszt [1936], their results are not described in detail. Recent 
interesting results in connexion with the cortical hormone and phos- 
phorylation have been published by Ochoa & Rossiter [1940]. Attempting 
to confirm Laszt’s [1938] suggestions that the cortical hormone is essential 
for the formation of cocarboxylase (vitamin B x pyrophosphate) from 
vitamin B 1( they carried out direct determinations of cocarboxylase in 
adrenalectoinized rats. They found no evidence that the cortical hormone 
has any influence on the phosphorylation of vitamin B x . 

Summary 

L The evidence for the theory that extracts of the adrenal cortex 
prolong the life of adrenalectomized rats by the phosphorylation of 
riboflavin was not confirmed. 

2. ’When rats lacked both riboflavin and cortical hormone, they 
eventually died unless both deficiencies were made good, but riboflavin 
prolonged life in the absence of the cortical hormone, and the cortical 
hormone prolonged life when there was no riboflavin in the intestine. 

3. The effects of riboflavinphosphate on tbe weight and survival of 
adrenalectomized rats were tbe same as those of riboflavin. 

4. Yeast did not prolong the life of the rats but shortened it. 

Onr thanks are due to Prof. J. H. Gaddum for his stimulating interest, adrice and 
constructive criticism, and to Ur K. H. Coward for helpful discussion during the'courue of 
the -work. 
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W'hile this paper was in the press wo havo seen in the literature a paper bv Marrazri k 
Gaunt, Proc. Soc. exp. Biol. Med. (1939), 41, 05, which we had previously overlooked, in 
which thoy tested Vorz&r k Laszt’s claim thnt (levin phosphate, as present in yeast, will 
prolong tho lives of adronnlectomizcd rats, whereas non-phosphorylated flavin will not. 
They failed to confirm this since it was found that 59 adrenalectomized rats fed on a high 
yeast diot (5-10 % of brewer’s j-cast. in tho stock diet) hnd an average survival time of 7-3 
days as compnred with 8 - l days for 50 control animals which received no extra yeast. Our 
experiments 8e and 96 and c are in complete agreement with this. 
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a rectangular strip without any differences in illumination. The colli- 
mators were pivoted on axes immediately under the centre of the grating 
on which they directed the light. 



Fig. 1. Diagram of apparatus used. L t , L, and L 3 , 48 W. 12 V. motor headlights inside 
lamp houses with a slit in each to direct light down the respective collimators. C v C t 
and C 3 , cylindrical lenses to concentrate light through slits iS’ lr S t and 5, on to colli- 
mating lenses A,, A., and 0, and 0 : , gratings opposite end and side of Lummer- 
Brodhun cube B. A t , telescope lens to concentrate light from surface of Lummer- 
Brodhun cube to give Maxwellian view in eye E through hole B at ond of telescope. 
A,, lens used to form images of slits S v S t and S, when calibrating collimators by lines 
of known wavo-lengths. P„ pivot Tound which collimating system 1 turns. P t , pivot 
round which collimating systems 2 and 3 turn. IF, and IPj, photometrio wedges for 
altering intensity of lights in collimating systems 2 and 3. Straight lines surrounding 
tho instrument show tho screens which prevent stray light from affecting the observer s 
oye at E. Needles above slits S lt S, and iS, were illuminated by light from the lamp 
houses and their shadows were focused by lenses above lenses A„ A, and A, on to the 
calibrating scale behind lamp houses £, and L,. The shadows from needles on collimating 
systems 2 and 3 were reflected by a mirror vertically above grating O t . Tho shadow of 
the needle on oollimating system 1 was reflected on to the same scale by a totally re- 
flecting prism vertically above grating O v The calibrating scale is really much farther 
away (2 m.) but is placed closer on the diagram for convenience. 

The Wave-length of the light was determined from a linear millimetre 
scale which had been calibrated in the following way. The shadow of a 
needle above each slit (S v S 2 and S 3 ) was formed by a lens mounted above 
and secured to the corresponding collimator. The images of the needles 
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above the two collimators opposite to the telescope were reflected by a 
plane mirror placed vertically above the grating Gn. The image o e 
needle above the collimator at right angles to the telescope was re ec 
by a totally reflecting prism placed above the grating G lt opposite to t e 
side of the cube. Thus all three images could be seen on the same screen. 
The screen was curved to form an arc of a circle of 2 m. radius centred on 
the cube. The scale was calibrated by observing the position of the image 
of the needle when the slit of the collimator seen through the eyepiece, 
A & , was visible as a narrow white band, then the collimator was moved 
round its pivoting point until a known band of the neon vapour or copper 
arc lamp was visible. Thus, by knowing the movement of the image in 
millimetTes, the wave-length of the light visible through the cube could 
, be calculated. Approximately each millimetre of movement corresponded 
to a difference of 9 A. 



Fig. 2. ' Fig. 3. Fig. 4. 

Fig. 2. Appearance of Lummer-Brodhun cube when illuminated from the side. 

Fig- 3. Appearance of Lummer-Brodhun cube when illuminated from the front. 

Fig. 4. Appearance of field of view when Lummer-Brodhun cube is cut down by masking 
top and bottom portions. 


The eye aperture (H) of the telescope was a hole 034: mm. in diameter 
placed at the focus of the telescope lens, J+: hence the cube was seen by 
the Maxwellian view. During calibration of the collimators an eyepiece 
(4 5 ) was placed between the hole in the telescope and the eye so that the 
slit and the known calibrating bands could be seen. 

The slits of the collimators were illuminated by 48 W. motor head- 
lamp bulbs connected in series and ran from the mains through a re- 
sistance at a constant current of 4 amp. Cylindrical lenses (C v C z and C 3 ) 
condensed the light from the filaments on to the slits. The lights and 
apparatus were adequately screened from the subject, who was in a 
canopy of plywood painted black with the telescope protruding through 
a hole in the front of the canopy. The various controls for moving the 
collimators were rods projecting through the same surface, and disks on 
the ends of the rods provided an easy means of adjustment. 
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Extent and position of the “blue-green” region 
For the first portion of the work only one collimator was used. The 
subject was asked to manipulate the controls until the colour appeared 
to be blue-green. He was instructed to move the collimator until he 
considered the colour to be distinctly greenish, then back until the 
colour appeared distinctly bluish. By noting the scale readings corre- 
sponding to these two positions the extent of the “blue-green” region 
of the spectrum was determined. Five readings of each position were 
made and the median is taken as the most likely figure. The average of 
the two medians is recorded as the “mid blue-green”, that is, the centre 
of the “blue-green” region. 

Proportion of “blue” and of “green” to match 
a given “blue-green” 

For the second part of the work the collimator directing fight on the 
side of the cube was set to give light of a fixed wave-length (4934 A), 
which was thought to be close to the “mid blue-green” position. The 
other two collimators were set one on each side of the normal to the 
front face of the cube to give respectively a blue (4884 A) and a green 
(5031 A) fight which were combined in the telescope. Between the fights 
and the slits of these two collimators were photometric wedges (TF g and 
TF 3 ) controlled by handles projecting through the plywood screen. The 
subject altered the intensities of the “blue” and “green” until the whole 
field appeared a uniform blue-green. The total intensities of the blue and 
green were measured by a photoelectric cell and the intensities, when the 
field was matched, were determined from the readings of the galvano- 
meter and the transmission through the photometric wedges. It was 
intended to compare the relative illuminations for the different mixtures 
required by different individuals to match the same “blue-green” fight. 
This mixture corresponds to the Rayleigh mixture of “red” and “green 
to match a yellow colour. 

Results 

Extent and position of the “ blue-green ” region 
One hundred cases were examined. The first ten cases were examined, 
each on ten separate days. On each day the effects of dark and of fight 
adaptation were tried. There was no appreciable difference between the 
results obtained in the dark and light adapted conditions, possibly . 
because the brightness of the fields soon produced fight adaptation from 
the dark adapted state. 
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Fig. 5 shows the results for ten separate sittings with ten individuals 
who were not dark adapted. Each record is the median of five consistent 
readings. It will be seen that some subjects systematically select a 
definite region, whilst others' systematically select a different band of 
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5 ; of "blue-green"’ region. Records o£ readings on ten separate days for ten 

different individuals. Some subjects consistently select one region of the spectrum, 
otheTs select a different region; still others mahe different elections on different days! 
The frequency curve for these 100 readings Bhovrs evidence of two maxima. 


wave-lengths. Others still show a tendency to choose different bands on 
different days for their selection of “blue-green”. In the choice of 
yellow” there is not the same tendency to select different bands. 
Although those with defective colour vision select a much wider range 
or yellow, the “normal” region is usually included. The frequency 
diagram (interrupted line in Fig. T) for the 100 observations on these ten 
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cases suggests two maxima, although the readings for the whole 100 
cases do not show so great an indication of two maxima. The double 
maximum for these ten cases ma y be due to the fact that the ten readings 
for each case may have “weighted” the results unduly. Nevertheless, 



Fig. G. Limits of “blue-green” region. Records of readings on 100 separate individuals. 
The first ten records are made from the averages of the ten readings on ten separate 
days shown in Fig. 5. 


the fact that several subjects consistently select a different region for the 
“blue-green” is probably significant. The fact that some subjects select 
one region on one day and another on a different day may mean that the 
selection of different regions is not constitutional but is due to some 
adventitious factor. We attempted to keep the experimental conditions 
constant, but it may have been that the selection of different regions by 
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different individuals may have been due to some constant experimental 
difference which we failed to observe. 

As the results obtained with the first ten cases did not show any 
fired difference between the dark and light adapted states, the remaining 
ninety cases were e xamin ed at only one sitting and they were not kept 
for half an hour in the dark to produce adaptation. Fig. 6 shows the 
positions and extent of the regions which were marked as lying between 
a distinctly bluish and a distinctly greenish blue-green. The average 



7. Frequency diagram showing the number of lines above the various wave-lengths 
at 10 A intervals. The interrupted line shows the results for the first ten subjects 
(Fig. 6). The full line ahowB the results for the whole 100 subjects (Fig. 0). 


width of the band was 60-47 ± 33-36 A and the middle of the band was 
at 4928 + 51-3 A. For this diagram the averages of the ten separate days 
for the first ten cases were used. 

Fig. 7 is constructed by adding the number of lines above different 
wave-lengths at 10 A intervals: this gives a frequency diagram. The 
diagram suggests that there is much greater spread in the observations 
than with the “yellow” region, in fact there is a slight indication of two 
maxima, especially in the curve for the first ten cases. 

The ratios of “blue” and “green” to match the fixed “blue-green” 
were variable, and this part of the work requires reinvestigation by better 
methods. 
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Discussion 

The average width of the “blue-green” region is not greater than 
that of the “yellow” region, but its position is more variable (a standard 
deviation of 51-3 A against 38 A). This result agrees with the fact that the 
wave-length discrimination curve shows a minimum difference approxi- 
mated in value to that in the “yellow” region, but the low differential 
threshold spreads over a wider range of wave-lengths. 

Defective colour vision as judged by the Ishihara test does not aSect 
the width or position of the “blue-green” region. 

Summary 

An apparatus is described by means of which the “blue-green” 
region of the spectrum was demarcated by 100 subjects. 

The average width of the “blue-green” region of the spectrum is 
6047 + 33-36 A and its mid-position is at 4928 + 51-3 A. For “normal” 
persons the corresponding measurements for the “yellow” region are 
67 + 29 and 5853 + 38 A respectively. 

There is some indication that different individuals may place their 
“blue-green” regions at different wave-length bands of the spectrum, 
whilst the “yellow” region seems more uniform in position for normal 
people. 
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1 uual purple, because of its physical and chemical properties, is now 
generally considered to be a protein. For example it has a high molecular 
weight and is precipitated by water-soluble organic solvents. It exhibits 
cataphoretic properties with an isoelectric point [Broda, Goodeve, 
Lythgoe k Victor, 1939] as well as an ultra-violet- absorption curve 
characteristic of proteins [Krause k Sidwell, 1938; Goodeve, Lythgoe & 
Wood, unpublished]. It can be salted out of solution with sodium 
sulphate, apparently unaltered, and the kinetics of its thermal decom- 
[Lythgoe k Quilliam, 1939] also indicate its protein nature. 
Usual purple appears to belong to the class known as “chromo- 
proteins”, that is, coloured proteins. The electron or electrons which 
absorb light and thus give rise to colour are more or less localized with 
a group of atoms and this group is called a “chromophore”. There may 
a number of chromophores in one molecule of a chromoprotein. The 
chromophore can sometimes be removed from the compound by organic 
rol\ ents leaving behind the colourless protein. With visual purple non- 
P° ar organic solvents, such as light petroleum and carbon tetrachloride, 
ave no eSect at all either on the solid form or the solution, while others 
such as ether or chloroform, decolorize the visual purple and extract a 
>eUow substance which is probably derived from the chromophore 
V aid s [1936] results indicate that the chromophore of visual puLe is' 

• t a °nd n tf m n ! tUre ’ 3n< \ that Bght 3CtS b - V looseni *g bond Ween 
in organic^ solvents! “ beC ° meS more easi1 ^ ^ble 
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Any treatment of visual purple which splits the chromophorc off the 
protein results in the destruction of its colour, so that it seems that the 
characteristic properties of this substance are found only when the 
chromophorc and protein arc associated. It must, therefore, he assumed 
that both in the retina and in solution, visual purple is always in the 
form of a conjugated protein. 

In a chromoprotein the chromophorc is commonly the reactive part, 
while the bulky protein seems to act mainly as a support — for instance, 
the oxygen is carried by the chromophorc of haemoglobin. If M is the 
molecular weight of the chromoprotcin, nnd P the number of chromo- 
pliorcs attached to each molecule of protein, then R, the molecular weight 
of that part of the chromoprotcin which contains one chromophore, is 
given by 

R = M/P, 


R will be called the “carrier weight” of the chromoprotcin. (It would 
be better to define R through the molecular weight of the protein itself 
rather than that of the chromoprotcin. At present this is impossible for 
most chromoproteins, since we do not know the molecular weight of the 
isolated protein. Fortunately the difference in the values obtained in the 
calculations made below would not bo significant, Bince the chromophore 
is so much lighter than the protein.) 

Carrier weights and the Svcdbcrg unit. The number of chromophores 
per unit weight of chromoprotcin has been determined for several chromo- 
proteins by various workers. The values of the carrier weights, R, have 
been calculated from these data, and are given in Table I, together with 
the chemical nature of the chromophore, upon which the calculations 
are based. In erythrocruorin, for example, one gram-equivalent of the 
prosthetic group with one gram-atom of iron is contained in 17,500 g. of 
chromoprotcin. 

The value of the fundamental protein unit discovered by Svedberg 
[see, e.g., 1937; Svedberg & Pedersen, 1940] is about 17,600. It is a 
striking fact that six of the cliromoproteins investigated (Table I) have 
carrier weights lying between 16,200 and 18,700, and therefore virtually 
equal to the Svedberg unit. The carrier weight of the remaining chromo- 
proteins exceeds this value but it is never less, suggesting that at least 
one Svedberg unit is required for the support of one chromophore. 

The carrier weight of visual purple. In the chromoproteins in Table I 
the concentration of the active groups in a solution can be determined 
directly. On the other hand, for visual purple no characteristic chemical 
reactions are known and the small amounts so far available have not 
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Table L Carrier mights. (The number of grams of protein per 
gram-equivalent of chromophore) 



Carrier 

Chemical nature of 
the chromophore (on 

References 

Chromcrproteiu 

weight B 

which B is based) 

Hscmodobin (horse)* 

16.200 

Haeme 

Theorell [1932] 

Myoglobin* 

16,200 

An Fe compound 

Theorell [1932] 

Erythrocruorm (cyclo- 
stomata) 

17,500 

An Fe compound 

Svedberg & Hedenius 
[1934] 

Cytochrome C* 

16,400 

An Fe compound 

Theorell [1935a] 

Haemocuprein* 

18,700 

A Cu compound 

JIann 4: Keilin 
[193Sa, 6] 

Hepatocuprein 

16.700 

A Cu compound 

yiann k Keilin [193Sb] 

Haemocyanin (Bdix 
pmstia) 

25,900 

A Cu compound 

Hemler k Philippi 
[1933] 


Haemocyanin (Bu-svcon 

25,900 

A Cu compound 

Hemler k Philippi 

canalicvlatum)* 

[1933] 

Haemocyanin (Octopus 

23,400 

A Cu compound 

Hemler k Philippi 

f ulparis)* 

[1933] 

Haemocyanin (Ldigo 
pcalei)* 

24,300 

A Cu compound 

Hemler k Philippi 


[1933] 

Haemocyanin ( Limulus 

36,700 

A Cu compound 

Hemler k Philippi 

pdpphtmtu) 

[1933] 

Haemocyanin ( Hotnarus 

34,000 

A Cu compound 

Hemler k Philippi 

arr.eriainuf) 

j 31,700 

[1933] 

Kubowitz [1937, 

A Cu compound 

Polyphenol oxydase 

1938a, 6] 

121.2Q0 


Kerim 4: Mrmn [193S] 

Phycocyan 1 
Phycoerythrinf 

Chromoproteins not containing metals 

—30,000 

Phycobilin 

Lemberg [1929, 1930] 

Tellow ferment* 

I -70,000 
( -80,000 

Flavin 

Theorell [19356] 
Kekwick 4: Pedersen 



[1936] 

Ovoverdin 

144,000 

Astaxanthene 

Kuhn k Sorensen [1938] 


* Crystallized preparations. 


permitted, analyses to be made. The concentration of the chromophore 
can, however, be determined from the optical density of the solution and 
the extinction coefficient. This latter has been deduced by Dartnall, 
Goodeve k Lythgoe [1938] from the photosensitivity which can be 
measured directly and is the product of the extinction coefficient and the 
quantum yield (the quantum yield gives the number of chromophores 
decomposed by each quantum of absorbed light). Thus at A=500 m/x 
the extinction coefficient is found to lie close to 9 x 10~ 1T sq. cm. per mole- 
cule. The decadic molar extinction coefficient e is obtained from this by 
including Avogadro’s number and converting to decadic logarithms and 
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concentrations per litre; it has the value 2*3 x 10 4 . The concentration of 
chromophores in g.mol. per 1. is given by c = djd, where d is the optical 
density of the solution and l the thickness of the layer. 

^Methods 

The solutions were prepared by the method described by Lythgoe 
[1937]. Exp. 5 was made the basis of the calculation which follows, and 
in this the ratio of the density at 500 mp. to that at 400 mp was 3*1, 
indicating a solution of high purity. The optical density of the solutions 
was measured on a Hilger Spekker photometer. 

The weight of protein. Method 1. The optical density having been 
determined, the solutions were dialysed for 2 days at about 3° C., and 
electrodialysed for 12 hr. to remove digitonin, salts and part of the 
phospholipins present [Krause, 1937 ; Broda, Goodeve & Lythgoe, un- 
published]. During electrodialysis, nearly all the visual purple was 
precipitated. Subsequently the remainder of the protein was precipitated 
by the addition of alcohol. The protein was then centrifuged down, 
washed with water, alcohol and chloroform, dried at 105° C. and weighed. 
The N content of the protein was determined by the micro-Kjeldahl 
method. 

Method 2. The solution was bleached and the water evaporated in 
contact with CaC0 3 at room temperature. The residue was extracted 
alternately with chloroform and alcohol. The united extracts contained 
yellow colouring matter and the digitonin. The residue, whioh contained 
the whole of the protein, was treated with dilute acetic acid (part of the 
protein remained undissolved). The solution was boiled with alcohol and 
left to stand, when the whole of the protein precipitated. It was centri- 
fuged down and washed, dried and weighed as described in method 1. A 
disadvantage of method 2 is that the residue contains appreciable 
quantities of Ca salts. 

Results 

The results of five determinations of the carrier weight, R, are given 
in Table II, together with the values from which they were calculated. 
The values of P were obtained by dividing the molecular weight of visual 
purple, 270,000 [Hecht & Pickels, 1938], by the value of R. R varies 
between 43,000 for the first experiment and 34,500 for the last and best 
experiment, but these values are subject to certain errors, most of which 
tend to raise the value above what it should be. 

The protein prepared by either method was always slightly yellow, 
showing that it was not pure: it probably contained some non-protein. 
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Table IL The carrier weight. R, of visual purple (uncorrected) and the number 
of ehromophores, P, contained in one molecule of ehromoprotein 


Exp. Uethod 

1 2 

2 •> 

3 5 

4 I 

5 1 


d c 


r 

1 c 


(500 m/j; 

(d/t!) in 

R 


C.C. 

e- 


1 = 1 cm.) 

g.mol./c.c. 

(«7«> 

P 

2-11 

6-4 x 

T 

o 

i— 1 

0-16 

0-70 x 10 -5 

43,000 

6-2 

2-60 

7-S x 

10~* 

0-18 

0-7S x 10-« 

38,000 

7-2 

2- So 

84-Sx 

10-* 

1-68 

7-3 x 10-* 

41,000 

6-6 

2-85 

19-7 x 

10~* 

0-40 

1-S x 10-» 

39,000 

6-9 

2-So 

72-1 x 

io-» 

1-67 

7-3 x 10-* 

34,500* 

7-8* 


Exp- 5 is the most accurate since the preparation 
"Xi very thorough. 


was a good one and electrodialys 


* See text for correction based on is content. 


sue as phospholipins or derivatives of the chromophore, both of whic 
3re f ePovr - Since the free chromophore has a molecular weight which : 
Sma compared with that of a protein, its presence or absence will mal 
no appreciable difference, but if lipins in large quantities are still presen 
ey would make a significant addition to the final weight. Lipins ai 
0 en tenaciously held by proteins [see, e.g., Sorensen, 1930], 

, r C ,- aU( " VanCe 0811 ma ^ e f° r errors due to impurities such ; 
0 * ° are poor in K, by determining the nitrogen confer 

in V I6 f l!' Pr ° tems usua % ^ntain 16-19 % N, but the solid residr 
Jhip. 5 had a N content of only 12-0 ± 0-1 %, so that the weight of tl 
Pjotem (to) must be less than 80% of that given in the table. If the vain. 
9 7 , f !f' 5 are corrected on this assumption, the value of R becomi 
r ’ ° r + a ^ ttle leSS and tiie value of P becom es 9-8 or a little mor 
value fp° n ? a ^ content of the impurities would further reduce tl 
1-8°/ K m.' J?* example, if the impurities are assumed to conta 

bell ? C0 ” te "* ° £ Pb° s pbolipins), the vatae of R won 

C le f than 26,500 and of P more than 10-1. 

optica] 1 dL b J!! ChiDS ^ the TiSUal pUrple EoIutions occurred before tl 
S* be introduced. In fc. 

.1! 18 bl “ebmg can occur ainee the : solutions do not short the indicat. 

tk ' r^uct indict 

purple ,!,h„iS; E “T ” T J““”» «f Proteins other than viau 
P > _°ngh no such protein has yet been isolated 

apptf va^ofTr th ” T,T' ?“«“■ “‘b *» tl 
s “ M - . * possibk ' ‘bauhTX 1 siw; It pioce 

[Schneider, Goodeve k Lvthgoe 19391 nnd it hght1 ^ be l°w mu 
' go®’ iW9 b and this were so, the calculate 
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concentration would be too high, and the observed value of R too low.) 
The carrier weight of visual purple is, therefore, probably somewhat 
below 20,000, a value which agrees reasonably well -with that of the 
Svedberg unit considering the approximate nature of the calculation. 
Visual purple may share with haemoglobin, erythrocruorin, etc. the 
property of currying a maximum amount of chromophore, i.e. one per 
Svedberg unit of its protein. 

Visual purple in the retina 

Using the results given above one can calculate the amount of visual 
purple in the outer limbs of each rod, provided the number of rods used 
in the preparation of a solution is known. In a separate experiment the 
rod concentration was determined by preparing a suspension of rods in 
the usual way and placing a small drop of the suspension in a haema- 
cytometer. (Owing to the war it was not possible to use Rana esculenta 
in this as in Exps. 1-5. The rod-count was made on the retinae of R. 
temporana.) It is not possible to make a straight count as it is with 
erythrocytes, since the rods were broken into various lengths. They could, 
however, be graded visually into whole, three-quarter, half and quarter 
lengths, and the count of each one of these units made. Knowing the 
total volume of the solution, its rod content was calculated. The suspen- 
sion contained both inner and outer limbs of rods and, in order to make 
a correction for the inner limbs, a drop was withdrawn and mixed with 
a drop of 1 % osmic acid solution. After 24 hr. the outer limbs could be 
clearly distinguished on account of their darker staining. From the 
results of a differential count, the number of outer limbs in the suspension 
was calculated. It was found that ten retinae yielded 5,700,000 outer 
limbs. A solution of visual purple was made from the suspension of rods 
in the usual way. No visual purple was lost in the various reagents with 
which the rods were treated, but in order to ensure that the extraction by 
digitonin was complete, the residues after the first extraction were again 
treated with digitonin for a long period. The density of this second 
solution was found to be small, showing that the first extraction was 
almost complete. The value obtained was added to that of the first 
extract, giving 1 c.c. of solution having a total optical density of 0-814 
for a layer 1 cm. thick, or one-tenth c.c. of solution per retina. If this 
amount of solution had been spread over an area of 0-15 sq. cm. (the 
approximate area of a frog’s retina), clearly then the density would have 
been 0-54. This, therefore, was the original density of the visual purple in 
a dark adapted frog’s retina. 



CARRIER WEIGHT OF VISUAL PURPLE 


403 


By the use of tie formula. c=tf/e?, tie yield of visual purple from one 
retina is found to be 3-5 x 10~ 9 g.mol., whilst the yield from one rod is 
3-5xl(h s t 570.000 or 6T x 10 -15 g.mol. of the chromophore. (Owing to 
improved methods of extraction, the yield per retina is higher than 
that given previously, namely 10~ 9 g.mol. per retina [Lythgoe & 
Goodeve. 1937].) Avogadro’s number is 6-06 x 10 a : there are, therefore, 
6-1 x 10' 15 x 6-06 x 10 s3 or 3-7 x 10 9 chromophores of visual purple in 
each rod. or 3-7 x 10 9 /10 molecules of the whole chromoprotein. 

If the carrier weight for visual purple is 26,500, its weight in one rod 
''dll be 6-1 x 10 -15 x 26,500 or 1-62 x 10~ 10 g. Since the sp.gr. of visual 
purple will be much the same as that for other proteins, namely 1-3, the 
volume occupied by this weight will be 1-24 x 10~ 10 c.c. The outer limbs 
°f the frog s rod are 5 x 10 -3 cm. long and 6 x 10 -1 cm. in diameter 
[Schmidt, 1938]; the volume is, therefore, 1-4 x 10- 9 c.c. The proportion 
° the volume of the outer limb occupied by the visual purple appears 
erefoie to be 8-9%, but, owing to experimental errors and to the 
approximate nature of the assumed values, all we are justified in saying 
is that the volume occupied by the visual purple lies between 5 and 10% . 

Summary 

The earner weight of a chromoprotein is defined as the molecular 
weight of chromoprotein containing one chromophore. Six of the known 
c omoproteins have a carrier weight equal to the value of the Svedberg 
.namely about 17,600: in other chromoproteins the value mar be 
grea er but it is apparently never less. 

concentration in a solution of visual purple was 
tW .f fr ° m the °P tlcal density and the protein weighed. It was found 
ofuroteTn “a 7 rC than l ° Chr0mQ P hores attached to each molecule 
nof far ^ W 

ate ° Ver 103 Ckr0m ° ph0reS 111 the °nt« limbs of the rods and 
hromoprotem visual purple occupies 5-10% of the volume. 
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the action of the antidiuretic principle 

OF POSTERIOR PITUITARY EXTRACTS ON THE 
URINE EXCRETION OF ANAESTHETIZED ANIMALS 
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From the Medical Unit, University College Hospital Medical School, 
London, and the Department of Pharmacology, Oxford 

( Received 12 March 1940) 

Extracts of the posterior pituitary gland are known to have two actions 
on the secretion of urine. Very small doses inhibit the water diuresis of 
normal mammals. There is substantial evidence that this action is 
produced by a specific effect on the tubular epithelium. The second — 
historically earlier — known action of post-pituitary extracts is an increase 
°f the urine flow in anaesthetized animals. This increase is produced by 
doses which are larger than those used for the production of the anti- 
diuretic eflect, it lasts from 10 to 30 min. and in the experience of the 
majority of observers is not followed by an inhibition of the urine flow. 

The diuretic action of post-pituitary extracts in anaesthetized 
animals has been explained in various ways. Some authors [Magnus & 
Schafer, 1901; Hoskins & Means, 1913; Schafer & Herring, 1908] thought 
ri due to “a specific stimulation of the renal cells” [Sharpey-gSchafer, 
1926], They arrived at this conclusion because (1) the increased urinary 
output in some cases outlasts the rise of blood pressure, (2) tachy- 
phylaxia is more pronounced for the blood pressure than for the 
diuretic effect, (3) the increase in urine flow is sometimes accompanied 
by an increase in kidney volume and sometimes not. 

Other workers [Houghton & Merrill, 1908; Richards & Plant 1922- 
Fmowlton & Silverman, 1918; Nelson, 1934] postulate a vascular origin 
of the diuretic effect. They base their opinion on (1) the close parallel 

diuresis, (2) the similarity between the action 
and the diuretic action of small doses of 
of an increase of oxygen consumption during 

27 


between blood pressure and 
of post-pituitary extracts 
adrenaline, (3) the absence 
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vras used to determine the depression of the freezing point of normal 
rabbits blood. Fourteen estimations on four a nim als gave an average 
-0-548 ±0-0215° C. for defibrinated venous blood. 

Results 

The ■preparation of an antidiuretic non-pressor extract 

It was reported in a previous paper [Heller, 1939] that heating of a 
commercial posterior pituitary extract for 90 min. at pH 10-0 and 99° C. 
resulted in a preparation which contained 11-5 + 0-85% of its initial 
pressor action, i.e. the ratio of antidiuretic to pressor activity was 
approximately 100 to 8. For the purpose of this investigation it seemed 
esirable to obtain an extract which contained even less pressor activity, 
or this reason the pressor and antidiuretic potencies of extracts were 
compared which had been heated for 105 and 120 min. respectively. The 
° owing curves resulted (Fig. 1). It will be seen that traces of pressor 
ac vity are still present after 120 min. of heating. However, this is 
re evant only to injections of comparatively large amounts of such 
e racts, the small amounts used in the present investigation had usually 
no noticeable pressor effect (Fig. 3). J 

Clark and Lubs buffers were used to maintain the reaction while 
JL g ? 10 '°- This buffer contains potassium in a concentration 

an ti W lCn m]ected mt0 “P™* 1 cats might, to a certain extent, counter- 
: . 6 P ressor _ effect of post-pituitary extracts [Dawes, 1940], An 

hvdrr^ POtaSS1 T free bufiCr consiB ting of bori o acid and sodium 

differences IT’ tteraf °“’ used in some experiments but no essential 
ences of pressor action were found. 

mom a3e J- [1937] and KuBchinsk 7 & Bandschuh [1939] published exneri- 

which Te l v at ? ost “P ituitar y extracts contain a diuretic sub^nce 

h seemed to be identical with the oxytocic factor The nbi +; 
»»M. therefore, be raised that the 

to tb Uretlc . actlviti es after heating at pH 10-0 is only apparent viz ,1 
e inactivation of an antagonistic substance which masked the to+M 
concentration of the antidiuretic principle. This posS S 
o be supported by the observation that the oxytocic f d . 8eem 
oubtodiy inactivated at pH 10-0 [Gaddum, 1930 ^Heller ^9391 V**' 
e ' er, the post-pituitary extract used to obtain a “ non r, ’1939], How- 

prcparation contained originally only about 50/ ofTST aQtldilireti c ' " 
m terms of ^e doses actually employed in the^t^^ or - 

•mount, ot the order ot 0-1 of a mU. (osytocie) per 1^5 t.“£g tte 

27—2 
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technique of Kuschinsky & Bundschuh [1939J twenty-one groups i 
vrcic injected with Odb mty. (oxytocic) and 0-30 mU. (oxytocic); 
rat but no diuretic effects were observed. It seems, therefore, just 



Fig. I. The inactivation of the antidinretio and the pressor activity of post-pitn 
extracts (pitrossin) at 69° C. and pH 10 0. X — X, antidinretio activity; 0- 
pressor activity. The vertical lines indicate the standard error. 

to assume that the antidiuretic activity of our heated extracts is tha 
the stated percentage of the initial antidiuretic hormone concentrate 
and is not due to an apparent increase of antidiuretic activity caused 
the inactivation of a diuretic factor. 
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cessation of urinary secretion. This (primary) inhibition of urine flow is 
known to occur — not with regularity however — in anaesthetized animals 
and has been attributed to a brief ureter spasm immediately after the 




Pig, 3 . Comparison of the effect on b.p. and urine flow of an anaesthetized (urethane) 
rabbit of an intravenous injection of a post-pituitary extract containing pressor and 
antidiuretic activities in equal proportion with the effect of a non-pressor preparation 
of the same antidiuretic activity. Same rabbit as in Fig. 2. A = intravenous inj'ection 
of 2000 mU. pitressin heated for 90 min. at 99° C. and pH 10 0. B = intravenous 
injection of 200 mU. pitressin not heated. Time marker =6 sec. 

intravenous injection [Molitor & Pick, 1924; Mackersie, 1925]. In the 
present series it was observed in the majority of experiments with 
pressor post-pituitary extracts. Neither this immediate cessation nor the 
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subsequent rise in urine flow followed upon an injection of a non-pressor 
preparation (Fig. 3 a) which had been administered 40 min. previously. 
The non-pressor extract was given first and before the rabbit had received 
any other post-pitnitary extract on that day. This excludes the possibility 
that the absence of a rise of blood pressure was due to the refractoriness 
(tachyphylaxia) of the animal after a previous injection of post-pituitary 
extract. The lack of a diuretic effect concurrent with the absence of a 
rise of blood pressure is obvious. The short primary inhibition is equally 

a sent. Is or was it found to occur in other experiments with non-pressor 
extracts. 

The experiment recorded in Fig. 3 was performed on an animal which 
a received 147 c.c. of water by stomach tube before urethane anaes- 
esia started. Sufficient time (2 hr.) had been allowed for the intestinal 
absorption of the bulk of this amount [Heller & Smirk, 1932 a]. The 
annary excretion rate in this and other experiments of the same series 
, never theless low. The same results regarding the action of pressor 
non pressor antidiuretic preparations on blood pressure and urine 
of t WCrC °^ adied w hen a diuresis was produced by intravenous infusion 
anaesth^ 01 ^ 0 6cdutaons °f sucrose or sodium sulphate during the 


either m these experiments nor where water had been given by 

omach tube did a (secondary) inhibition follow the diuretic response. 

e significance of this finding will be discussed in the following section. 

; nr>Ta ^ • T & ° m theSe resuite that tlie primary inhibition and the 

of aTT Ji ° f Urine f ° Uovrin S u P° n an intravenous injection 

not to eXtTaCt 15 due to its pressor activity, and 

the antidiuretic principle proper. 


The relation of the urinary osmotic pressure to the action 
of the antidiuretic hormone 

have«n rAS 10 ™ that the P os t'Pituitary antidiuretic factor ceases to 

a certain JSbrf'* 3 ?* ° D fl0W ° f ^^hetized animals if 

height of nrmary osmotic pressure is reached TKa -j 

for this rests on two groups of experiments: (1) The antidiureHe 
oes not inhibit a diuresis produced by concentrated 1 . honn ° ne 
variety of organic and inorganic substances UW ° f a 

of the urine excreted under these condition h^L^T 
demonstrated, but it can be deduced from ttT actuall y ba en 

various authors. (2) Injection of me . anaI yrical data given by 

decrease the urine flow of “ unhydrated ”aSnak a Th eXt ^ aCtS ^ n0t 

animals. The urrnary (morning) 
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osmotic pressure (expressed as freezing point depressions) of a series of 
ten unliydrated rabbits on a standard diet of oats, bran and cabbage was 
estimated, and the following figures found: A= -3-556, -2*958, -2*155, 
-2*170, -2*380, -1*735, -2*205, -2*380, -3*065, -2*825, average 
A = —2*543 + 0*556° C., that is to say the urine was in every case strongly 
hypertonic. 

It has been mentioned that injections of a non-pressor but anti- 
diuretic preparation of post-pituitary extracts failed to reduce the urine 
flow of deeply anaesthetized rabbits which had received large doses of 
water prior to the injection of the anaesthetic or which during anaesthesia 
received intravenous infusions of concentrated (10%) solutions of sodium 
sulphate or sucrose. It can be shown that under these experimental 
conditions also the antidiuretic principle fails to act because the urinary 
osmotic pressures are too high. This has been implicitly assumed by 
numerous authors [Fee, 1929; Melville, 1936; Smith, 1937; and others]. 
The present investigation offered the opportunity of a quantitative 
enquiry into the relation between the antidiuretic action of posterior 
pituitary extracts and the osmotic pressure of the urine. It seemed of 
interest to determine the “critical urinary osmotic pressure”, i.e. that 
at which the antidiuretic principle ceases to act. 

The effect of anaesthesia and operative measures on the flow and 
osmotic pressure of the urine is shown in Fig. 4, excretion rates per 
10 min. falling from 3-8 to 0*28 c.c. and freezing-point depressions falling 
from A= —0*345° C. to — 2*910° C. The urine flow increases somewhat 
half an hour after the operation but still remains on a low level, in spite 
of the “extra water” ( = water load) 1 present in the body. 200 mU. 
pitressin injected at this stage had no antidiuretic effect. Infusion of a 
hypertonic solution of sodium sulphate or sucrose considerably increases 
the excretion rate under deep anaesthesia but has little effect on the 
osmotic pressure of the urine. That is to say the urine remains hypertonic 
and the antidiuretic hormone does not act. This result is in agreement 
with Melville’s [1936] finding that the rate of urine flow does not affect 
the action of the antidiuretic hormone. 

An unsuccessful attempt was made to produce a “hypotonic diuresis 
in four experiments on rabbits under deep urethane anaesthesia. Fig. 5 

1 The water load in this and the following experiments was calculated as the difference 
between the volume of fluid administered and the volume of urine excreted. Extrarenal 
losses, about 10 c.o./hr. [see Heller & Smirk, 19326], do not affeot the results appreciably 
and are not accounted for. In this and the following experiments of this series the blood 
pressure was recorded during anaesthesia to ensure that a decrease of urine flow was not 
due to a fall in blood pressure. 
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represents the one of those experiments, in which the lowest urinary 
osmotic pressures were observed. The animal received 50 c.c. o tepi 
irater per kg. body weight by stomach tube 3 hr., and again 1 hr. be ore 



Fig. 4. The effect of anaesthesia and operative procedures on urinary osmotic pressure and 
urine flow (animat given water prior to anaesthesia. Rabbit $, 2900 g. At A 3 % of 
body weight of water by stomach tube. Kote that urine becomes hypotonic. AtB2% 
of body weight of water by stomach tube and 1-5 g. urethane/kg. intraperitoneally. 
C = operative procedures finished. Kote decrease of urinary excretion rate and 
increase of urinary osmotic pressure. D = intravenous injection of 200 ml}, pitressin. 
Kote absence of antidiuretic effect. Urine remains hypertonic. The water load de- 
creases little during anaesthesia, thus denoting the inhibition of diuresis. 

anaesthesia started. The osmotic pressure of the urine fell to a minirrmm 
value of A= -0-085 after this large quantity of water. Anaesthesia and 
operative measures increased the osmotic pressure to A = — 0-790. This 
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level was more or less maintained even during a rapid intravenous 
infusion (6 c.c./min.) of a hypotonic solution (A= —0-280) of sucrose. The 
urine flow under these conditions was quite as high as that reached 



Fig. 6. The effect of anaesthesia and operative procedures on the urinary osmotic pressure 
and the urine flow of an animal receiving a rapid infusion of a hypotonic solution of 
sucrose. Babbit <£, 2160 g. At A and B 5 % of body weight of water by stomach tube- 
Note low osmotic pressure of urine. At C 1-5 g. urethane/kg. intraperitonealiy. 
D = operation finished. E =intravenous infusion of 4% sucrose started (6-0 o.o./min.). 
Note hypertonio urine in spite of excretion rate which surpasses that at height of 
water diuresis. 

during the water diuresis of the unanaesthetized rabbit. In spite of the 
high water load, however, the urine of the anaesthetized animal was not 
hypotonic. 
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These results show that once the inhibitory action of the anaesthetic 
is elicited it can not, or can only to a small degree, be counteracte y 
blood dilution with a hypertonic or even hypotonic fluid. They suggest 
that the mechanism underlying the inhibition of water diuresis m 
anaesthesia is at least in part a renal one. 



fig 0. The effect of an injection of prtressm on the nrme flow and the urinary osmotio 
pressure of a rabbit under the influence of a dose of urethane insufficient to inhibit a 
''rater diuresis Rabbit $, 1750 g. Not operated ( urine obtained by expression of 
bladder) 5 % of body weight of water by stomach tube at 10.0 a m. and again at 12.0- 
A ^subcutaneous rejection of 1 5 g. urethane/kg. Note hypotonic urine after this dose 
of urethane See text for description of depth of anaesthesia. B=mtravenous in- 
jection of 100 ml', pitressin. Note lasting inhibition of water diur esis 


Intiapentoneal injections of the amount of urethane used in the 
foregoing experiments (1-5 g./kg.) inhibit the water diuresis of rabbits 
to the same extent if the animals are not operated upon after the anaes- 
thetic has been given. The average urine volume of four such animals in the 
2 hr. preceding the injection of the anaesthetic amounted to 56-1 ± 22-2 c.c. 
ns compared with 5-G ±2-8 c.c. in the 2 hr. following it. The water load 
at the beginning of anaesthesia averaged 125 ±26-9 c.c. The inhibition 
of the water diuresis after subcutaneous application of urethane (2-5 g./kg.) 
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v>as somewhat less pronounced in the small number of animals tested. 
The figures for three rabbits were: 34*3 + 7-3 c.c. in the 2 hr. before 
injection, 14 - l + l*4c.c. in the 2 hr. after injection. Water load: 
148 ±24-3 c.c. 

Smaller subcutaneous doses of urethane (T4 to 1-7 g./k g.) failed to 
inhibit the water diuresis of unoperated rabbits to any marked extent 
(Fig. 6), the urine was consequently hypotonic, the antidiuretic principle 
retained its inhibitory action. Such “smaller doses” of urethane had 
nevertheless a pronounced anaesthetic efiect. For example, the rabbit 
which yielded the data presented in Fig. 7 showed, at the time of the 
injection of the post-pituitary extract: a loss of position reflexes, a 
sluggish corneal reflex, no resentment when its ear was pricked for the 
intravenous injection of pitressin, and a respiration rate of 34 per min. 

The number of experiments performed in these series is not sufficiently 
great to permit the definition of the “critical urinary osmotic pressure” 
(i.e. that at which the antidiuretic factor ceases to act) with accuracy. It 
can, however, be stated that post-pituitary extracts retained a pronounced 
antidiuretic action at urinary osmotic pressures belowA=—0-360and failed 
to decrease the urine flow at osmotic pressure values above A =— 0-800. 

Discussion 

The experimental evidence presented in this paper shows that non- 
pressor but antidiuretic preparations of post-pituitary extracts exert no 
diuretic action in the anaesthetized animals. In fact, such preparations 
produce no significant change of the urine flow of rabbits under deep 
urethane anaesthesia in spite of previous ample hydration or infusion of 
sucrose or sodium sulphate solutions during the experiment. Two main 
conclusions can be drawn from these results: 

(1) The diuretic action in anaesthetized animals of post-pituitary 
extracts containing both the antidiuretic and the vasopressor activity is 
due to the latter. The post-pituitary pressor principle can, therefore, be 
grouped with other pressor substances like adrenaline [Richards <fc Plant, 
1922; Toth, 1937] or veritol [Springorum, 1938] which under similar 
experimental conditions show a similar diuretic action. 

These findings do not necessarily mean that the pressor principle 
causes the diuretic effect which has been repeatedly observed in badly 
hydrated, unanaesthetized animals. This diuretic action is usually 
explained by the increase of the urinary salt excretion caused by post- 
pituitary extracts [Stehle, 1927], i.e. as an osmotic diuresis. The fact 
that the antidiuretic principle proper augments the chloride excretion 
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in the unanaesthetized organism [Heller, 1939] is consistent 'vritli this 
view. However, the results of the present investigation suggest the 
possibility of an alternative explanation, viz. the diuretic action of the 
pressor principle under experimental conditions which prevent the action 
of the antidiuretic factor. 

(2) The action of the antidiuretic principle proper is not “reversed”, 
i.e. changed into a diuretic one under the influence of anaesthesia. It is 
merely abolished if the doses of anaesthetic given are large enough to 
influence urinary excretion to an extent which raises the osmotic pressure 
o the mine to values equivalent to freezing-point depressions below 
A= -0-800° C. 


e antidiuretic hormone may in certain circumstances fail to act 
o'emn unanaesthetized animals, for example in badly hydrated animals, 
n in animals in which diuresis had been produced by concentrated 
h tt, + 1 ^ °^. sapB or cer tain organic substances like urea or sucrose. In 
o ese instances the urine excreted is hypertonic. It can be said, 
o r erC ,° r , C ; that ^ a11 circumstances whether the animal is anaesthetized 
dtp ’ ® antidiuretic principle ceases to act at high urinary osmotic 

loci T; , concIufiion ‘^ees with the present concept of the physio- 
mam i m,. antidiuretic hormone in the water metabolism of the 
emdpr, 8 i- C ° nCept ’ formed on experimental and morphological 

s “a ' S? e f l'™ 7 - IWy & Marshall, 1933; 

hvn i-t regards the antidiuretic hormone as the means by which a 
f! ne “ Produced by the mammalian and probably avian 

groups’of vel^t 8117, T ** an ag6nt which * these- 

y^hrates renders the ratio of water to solids excreted more 

certain* 308 6 ^ ^ the antidiuretic hormone ceases to act at a 
self r TT pTe3SUTe of the 11x1116 can > therefore, be regarded as a 
c regulatuig mechanism which prevents the mine to become too 
concentrated under the influence of the hormone. *°° 


OUMMARY 


1- A non-pressor but antidiuretic extract nf * ■ 

sriitar- ,Fis - ■> - 

the “ a6 *thetized 
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3. The action of the antidiuretic principle on the urine flow of 
anaesthetized rabbits depends on the osmotic pressure of the urine 
elaborated and this in turn on the dose of anaesthetic (urethane) used 
(Figs. 4, 6). It was found that post-pituitary extracts retained a pro- 
nounced antidiuretic action above an osmotic pressure equivalent to 
A = — 0*360 and failed to decrease the urine flow at freezing-point values 
below A= —0*800. 

I wish to express my thanks to Prof. J. H. Bum for providing facilities in his department. 
I am indebted to Messrs Parke, Davis and Co. for a genorous supply of posterior pituitary 
oxtracts. 
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THE PITUITARY AND THE INSULIN CONTENT 
OF PANCREAS 

By R. E. HAIST 

From the Department of Physiological Hygiene, 

University of Toronto, Toronto, Canada 

(Received 7 May 1940) 

Best, Haist & Ridout [1939] have shown that the insulin content of 
the pancreas of rats is reduced by fasting or by feeding fat. In view of 
the fact that certain pituitary extracts produce a definite change in the 
insulin content of this gland [Best, Campbell & Haist, 1939] it was of 
interest to determine the effect on the insulin content of (1) removal 
°f the pituitary, and (2) fat feeding or fasting in hypophysectomized 
animals. 

Methods 

The methods used were essentially those described by Best, Haist 
& Ridout [1939], Female rats were used. Animals weighing between 
100 and 200 g. were hypophysectomized, using the retropharyngeal 
approach. Some of the operations were performed by Dr Jane Bussell 
and some by the author. After operation these rats were kept in individual 
ca 8 es _ an d given as much of a balanced ration and of a 10 % sucrose 
Eolation as they desired. The daily caloric intake in the control animals 
Tras f :e pk as nearly as possible the same as that of the hypophysectomized 
All of the hypophysectomized animals and some of the “paired- 

^ controls lost weight, while some of the latter group made a slight 
gain. 

Results 

The results of the first experiment are shown in Table I. The average 
normal value for rats fed ad libitum was 26-5 units of insulin per group 
ten rats. This was the average value obtained on eleven groups of 
normal rats in a previous experiment. It is evident from these results 
at while the hypophysectomized rats have a lower average insulin 
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content than intact animals fed ad libitum, the ins ulin content of their 
pancreases docs not differ significantly from that of the “paired-fed” 
control group. 


Table I. The effect of hypophysectomy on the insulin content of pancreas 


. Insulin content 
of pancreas 



Bays 

nfter Days 

hypophy- paired - 
sectomy fed 

No. r 
of 
rats 

Weight 

A 

t 

Units/ 

group 

of 

10 rats 

Units/ 

1000 g. 
initial 

Group 

Initial 

g- 

Final 

g- 

weight 
of rats 

Hypophyscctomized 
Paired-fed controls 

20 — 

7 

9 

0 

1395 

1303 

1259 

1335 

20-2 

214 

13 

14 

Hypophyscctomized 
Paired-fed controls 

27 — 

13 

8 

8 

1230 

1214 

1193 

1217 

214 

18-8 

14 

12 

Hypophyscctomized 
Paired-fed controls 

38 — 

28 

52 — 

42 

10 

10 

8 

8 

1713 

1800 

1398 

1447 

1550 

1778 

1290 

1600 

174 

19- 8 

20- 6 

20-9 

10 

11 

19 

Hypophyscctomized 
Paired-fed controls 

XL 

12 

Hypophyscctomized 
Paired-fed controls 

00 — 

50 

7 

10 

1217 

1783 

1108 

1847 

22-7 

19-6 

13 

11 


Average for hypophyscctomized rats 
Average for paired-fed control rats 

20-4 

20-1 

12 

12 


The effect of feeding fat was studied. Fat actually constituted 90% of 
the diet by weight. Agar and vitamins A, B 1( and D made up the 
remainder. It should be pointed out that the mortality rate of the 
bypophysectommed animals in these fat-feeding experiments was high. 
The results are shown in Table II. 


Table II. The effect of fat feeding on the ins ulin content of pancreas in hypophysectomized rats 


Days 
after 
hypophy- 
■ sectomy 

w-hen 

Feeding 

before 

Fat 

No. 

Before 

opera- 

Weight 

Before 

fat 

' 


fat 

fat 

feeding 

of 

tion 

feeding 

Final 

Group 

started 

started 

(7 days) 

rats 

g- 

g- 

g- 

Hypophysectomized 

39 

ad lib. 

ad lib. 

8 

1296 

1206 

947 

Control 

— 

ad lib. 

ad lib. 

8 

1266 

1637 

1298 

Hypophysectomized 

26 

ad lib. 

ad lib. 

8 

1309 

1270 

1070 

Control 



Paired - 
fed 

Paired- 

fed 

8 

1424 

1273 

1071 

Hypophysectomized 

32 

adlib. 

ad lib. 

10 

1616 

1381 

1177 

Control 



Paired- 

fed 

Paired- 

fed 

10 

1508 

1644 

1344 


Average for hypophysectomized rats 
Average for control rats 


Insulin content 
of pancreas 

Units, 
Units/ 1000 e 

croup initial 
of weight 

10 rats of rats 
60 3-7 

7-6 4-8 

6-0 34 

94 8-3 

84 6-5 

9-6 04 


6-8 4-2 

8-9 6-5 
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These indicate that in hypophvsectomized animals feeding fat causes 
a fall in the insulin content of pancreas to a level even lower than that 
of the " paired-fed 1 ' controls. The difference in the appearance of the 
adrenal glands in the two groups is shown in Fig. 1. This is a photograph 
of the adrenals from one hypophvsectomized and one control group. 
This finding, along with the failure to gain weight and the absence of 
any visible pituitarv tissue, on careful inspection at autopsy, supports 
the conclusion that the removal of the pituitary was complete. 



t Photograph of fresh adrenal elands, c . adrenals from hypophYsectonuzed rats fed 
fet for 7 days, b , adrenals from control "“paired -fed’' rats fed fat for t days. 

In the report of Best. Haist Sc Ridout [1939] it was shown that 
feeding a balanced diet to rats starved for 1 week led to a restoration 
of the insulin content of pancreas to a normal value. Table III shows 

Table HI. Animals fed Cat for 7 days, then balanced diet for 7 days 


Days after operation 

Hrpophysectomized 

rats 

32 

Paired-fed 

controls 

Xo of rats 

S 

S 

Weight ( 2 .). 

Before operation 

1193 

1229 

Before fat feeding 

1U3 

1303 

After fat feedinc 

991 

1171 

Final 

101$ 

116S 

Insulin content of pancreas: 

tnit- group of 10 rats 

29 5 

26-S 

L ruts 1000 g, initial \reight of rats 10 

IS 


the eSeet of feeding a balanced diet to bypopbysectomized rats that 
had previously been fed fat only, for 1 week. The hypophvsectomized 
animals were first fed fat for 7 days as in the previous experiment and 
then were given a balanced ration plus 10% sugar solution ad libitum 
tor ■ dav». The control group received as nearly as possible the same 
•hot and the same caloric intake as the hypophvsectomized group before 
and dunng the test. At the end of 7 days on the balanced diet the 

pancreases were removed. It is evident that feeding a balanced diet 
ph. xevni 
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restores the insulin content of pancreas. Actually, the final value 
similar to that of the normal intact animal and is slightly higher tl 
the level in the hypophysectomizcd group prior to the fat feeding. 



No. ran 1 10 42 45 26 26 8 8 


Fig. 2. Hyj)opliysectomiiod rats. Average results. 

Discussion 

The results we have obtained in hypophysectomized animals are well 
illustrated in Fig. 2. From this it is apparent that hypophysectomy 
leads to a- slight fall in the insulin content of pancreas when the values 
are compared with those of controls fed ad libitum. The values obtained, 
however, are similar to those in the control animals which received the 
same caloric intake. It shows also that the fall in insulin content which 
occurs when fat is fed can be obtained in hypophysectomized animals, 
and that the feeding of a balanced diet after such a period of fat feeding 
will restore the insulin content of the pancreas of these animals to 
normal values. 

Chambers, Sweet & Chandler [1935] found that the insulin content 
of the pancreas of hypophyseotomized dogs did not differ from that of 
normal animals. We have obtained similar results in the rat. They 
studied the effect of fasting in hypophysectomized dogs and found that 
after 24-30 days’ starvation the ingestion of 25 g. of glucose gave no 
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rise in. respiratory quotient and a definite hyperglycaemia [Chani ’ 
1938], These facts indicate that, in some respects at least, the hypo- 
physectomized animals react to starvation in a manner simi ar to norma 
ones. The results of our experiments on the insulin content 0 
pancreas in hypophysectomized rats add "weight to the evidence a 
the pituitary gland is not essential for the effect of fat feedm c or 
undemutrition on carbohydrate metabolism. It "would appear moreot er 
that, irithin a wide range, the pancreas can regulate the production an 
liberation of insulin according to the need for it, in the complete absence of 
the pituitary gland. 

SUMMARY 

1. The insulin content of the pancreas in hypophy sectomized rats is 
slightly less than in normal animals fed ad libitum but is of the same 
order as that of coutrols receiving a similar caloric intake. 

2. A fall in ins ulin content is obtained in hypophy sectomized rats 
when fat is fed. 

3. When a balanced ration is given to hypophysectomized rats, 
which have previously received a diet very rich in fat for 1 wee t e 
insulin content of the pancreas returns to normal within 7 days. 

I wish to express ray sincere thanks to Prof. C. H. Best for his help and criticism 
throughout this work- The expert assistance of Hiss Helen Bell is also grate y ac 
Vnowledged. 
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THE ACTION OF SOME AMINES RELATED TO 
ADRENALINE: PHENYLALLYLAMINE, PHENYL- 
BUTENYL AMINE, DIPHENYLETHYLAMINE 

By J. A. GUNN and M. R. GUED 
From the NnJJicld Institute for Medical Research, Oxford 

(Received 11 May 1940) 

Adrenaline, 3 : 4(OH) 2 C 0 H 3 .CH(OH).CH2NH(CH3), can be regarded 
ns a derivative of the simpler compound /3-phenylethylauiine, 
C 0 H 6 . CEL, . CEL. . NH, . Many of the large number of possible compounds, 
intermediate between phenylethylamine and ndrenahne, have been 
synthesized and investigated. Also many compounds with simple sub- 
stitutions, e.g. of methyl and methoxyl groups on the nucleus or side 
chain, have been examined. A brief review of some of the more important 
of these compounds and of the relations which have been found to exist 
between chemical constitution and pharmacological action has recently 
been given by one of us [Gunn, 1939], 

In a series of papers in this Journal an examination has been made 
of the effect of the following substitutions: (1) methoxyl or methylene- 
dioxyl groups in the 3 : 4-position of the nucleus [Epstein, Gunn & 
Virden, 1932], (2) a methoxyl group in the ^-position in the ethylamine 
side-chain [Elphick <fc Gunn, 1934], (3) the combination of phenolic 
methoxyl groups with an isopropylamine side-chain [Gunn, Gurd & 
Sachs, 1939], and (4) the reduction of the phenyl to a cyclohexyl nucleus 
[Gunn & Gurd, 1940], 

The present paper gives an account of the actions of the following 
three compounds, which possess considerable theoretical interest, but 
none of which has to our knowledge been previously investigated. 



(1) PhenyJallylamine ( 2 ) Phenylbntenylnmme (3) o/3-diphenylethyIamine 



ACTION OF SOME AMINES RELATED TO ADRENALINE 425 

The object of the first compound was to determine the effect of a 
double bond in the side-chain, as the particular compoun , p e *j) 
amine, could be compared with phenylethylamine. II itb regar 
second compound, it is now known that the presence o an a n y 
group in compounds of the phenyletbylamine series has a very 
siderable, and apparently characteristic, effect on actions of t e resu g 
compounds as is illustrated, for example, by the differences in action o 

pbenylisopropylamine (benzedrine) and phenylethylamine. It was, re 

fore, of interest to determine whether any similar change o actm } 
occurred when an a.-methyl group was substituted in phenyla ly armne 
The object of the third compound was to determine vhat uou e 
effect of substituting an oc-phenyl group in phenylethylamine, t e re 
suiting compound differing from benzedrine only in replacement o a 
methyl by a phenyl group in the same position. The substances w ere use 
in the form of hydrochlorides and the doses given are of the salts. 

Results 

Toxicity 

The l.d. 50 was determined in mice by intraperitoneal injection. 
After the approximate dose had been ascertained by administration o 
graded doses to single animals, the l.d. 50 was determined by the use of 
not fewer than two groups each of ten animals. The l.d, 50 in g-/hg- for 
the three compounds and also, for comparison, that of ^ -phenylethyl 
amine and phenylisopropylamine (benzedrine) are given below. 
Phenylallylamine 0-23 Phenylethylamine 0-23 

Phenylbuteuylamine 0 - 13 Benzedrine 0 - 12 

Diphenylethylamine 0-175 

The toxicity of phenylallylamine is, therefore, almost the same as 
that of ^3 -phenylethylamine and the addition of an cx- methyl group in 
the case of both these compounds approximately doubles the toxicity. 
Diphenylethylamine is slightly less toxic than benzedrine, so that the 
addition to ^-phenylethylamine of a phenyl group in the a-position in- 
creases the toxicity to a less degree than does the addition of a methyl 
group in this position. 

The chief symptoms produced in mice by phenylallylamine were in- 
creased motor activity, accelerated respiration and, with lethal doses, 
mikl clonic convulsions. The symptoms were very like those produced 
by phenylethylamine. A greater degree of central stimulation was 
produced hv phenylbutenylamine, while diphenylethylamine produced 
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Tcrcnt symptoms, motor stimulation being much less marked and, 
High the animals made more frequent spontaneous movements than 
mini animals, the movements were ataxic and sluggish. 

As the r,.n. 50 for mice by intraperitonenl injection is practically the 
no for benzedrine and phenylbutenylnmine, experiments were made 
mice with sublcthnl doses given both by subcutaneous and intrn- 
'itoneal injection, in which equal doses of the two substances were 
on simultaneously to small groups of mice so that the symptoms pro- 
ved could be compared. The symptoms produced by the two compounds 
re different. Under benzedrine, the animals displayed incessant 
tlessness and voluntary movement. Under phenylbutenylnmine the 
mnls moved infrequently and then rather stiffly, often with the tail 
ct. When held up by the fail, the mouse made violent clonic convulsive 
vemonts and, when thereafter. placed on the floor, often assumed a 
nleptic condition. Neither with benzedrine nor phenylbutenylnmine 
•o there any symptoms of increased spinal excitability. 

As for other reasons as well as from its relation to benzedrine, phenyl- 
cnylnmine proved the most interesting compound, further experi- 
its in other animals were done to compnre its effects with those of 
zedrine. Unfortunately the supply of the compound was not sufficient 
oermit many experiments on the heavier species of animals but the 
owing arc examples of a few experiments which coidd be done. 
Rabbits. In one experiment two young rabbits, A and B, of the same 
3r were used. Rabbit A received 0-1 g./kg. of benzedrine subcutaneously 
rabbit B received the same dose of phenylbutenylnmine at the same 
e, so that the symptoms could be compared. The animal which re- 
’ed benzedrine showed a much greater degree of increased voluntary 
cement than the one which had received phenylbutenylnmine. The 
ner showed the characteristic effects of benzedrine, e.g. frequent 
mping of the hindlegs on the floor [Gunn & Gurd, 1940] and incessant 
fling at the floor of the cage which went on for over an hour. Rabbit B 
ved neither of these symptoms. Both animals recovered completely, 
use the difference in symptoms might be due to individual differences 
esponse, on a subsequent day, the administrations were reversed, 
lit A receiving the previous dose of phenylbutenylnmine and rabbit B 
; of benzedrine. B now showed the characteristic effects of benzedrine 
A did not. The difference in symptoms was therefore not due to 
vidual differences. It might still have been possible that the rabbit 
less sensitive to phenylbutenylnmine than to benzedrine and that 
latter compound would produce stimulant effects similar to those 
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produced by benzedrine if given in larger doses. That this vas not t 
case was shown by the fact that these effects did not appear en 1 
dose of phenylbutenylamine were doubled. . 

Some parallel experiments were made on guinea-pigs with benze rune 
and phenylbutenylamine, hypodermically injected. W ith benze nne, 
guinea-pigs rash about less than rabbits or mice. They tend to remain 
more stationary with coarse tremor of the head and neck. One symptom, 
which also occurs almost invariably in rabbits, is incessant nibbling of t te 
floor or sides of the tray which may go on for an hour and can be hear 
over the room. With phenylbutenylamine the latter symptom does not 
occur. With the latter compound the animals were apprehensive and easil} 
startled, and made occasional short jerky changes of position with marke 
intention tremor. If the dose were sufficiently great, the animals later fell 
on the side and remained there, executing without cessation vigorous 
running or galloping movements which might last for over an hour. 

Comparative experiments with benzedrine and phenylbutenylamine 
on mice, rabbits and guinea-pigs are in sufficient agreement to permit 
the conclusion that the actions of these two compounds on the central 
nervous system are not identical; while both stimulate the central 
nervous system in regions above the spinal cord, the effects of benzedrine 
suggest rather an action mainly on the motor cortex, while those of 
phenylbutenylamine are characteristic of an action lower down in the 
central nervous system. - 

Respiration 

Preliminary experiments on the action of these compounds were 
made in rabbits anaesthetized with urethane (2 g./kg.), subcutaneously. 
Respiration was recorded by a simple method which has been used by 
one of us for several years [Gunn, 1930]. The recording is done by a 
frontally writing lever such as is commonly used for recording the move- 
ments of smooth muscle, and a thread, attached to a selected point of 
the lever, is clipped to the fur of the animal’s thorax or abdomen by 
means of a bulldog clip. This simple arrangement is very convenient for 
routine pharmacological investigation. It gives a straight line record, 
us does the blood-pressure manometer, instead of an arc, so that the time 
relations of heart beats and respirations can, if desired, be easily deter- 
mined. Ko restricted alignment of the animal, in relation to the lever is 
necessary. The lever can be arranged so that it can be swung into apposi- 
f'on or rotated out of the way in a few moments. There are no tambours or 
rubber tubing to be renovated. With this arrangement inspiration is 
recorded by a downward movement of the lever. 
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A preliminary comparison of the three new compounds under these 
conditions showed that both phcnylallylamine and phenylbutenylamine 
produced an increase in the rate of respiration, the latter being the more 
powerful stimulant, while diphenylethylamine had no such action. For 



Fjg. 1. Rabbit, urethane anaesthesia. Record of respiratory movements, inspiration 
downwards, showing similarity of respiratory stimulation produced by 10 mg- 
benzedrine (tracing A) and 0 mg. phenylbutenylamme (tracing B). 

example, a rabbit received equal doses (3-4 mg./kg.) of the three com- 
pounds; phenylbutenylamine increased the respiration rate by 82%, 
phenylallylamine by 45 % , while diphenylethylamine produced no change 
in the respiration rate. 

As the stimulant action of phenylbutenylamine on the respiration was 
found to he so pronounced and constant that it might be of therapeutic 
value as a respiratory stimulant, further experiments were made to 
compare its activity in this respect with that of other respiratory 
stimulants, especially with benzedrine and lobeline. The respiratory 
stimulant action of benzedrine was first described by Alles & Prinzlnetal 
[1933] and that of lobeline by Wieland & Mayer [1922]. 
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example, a rabbit received equal doses (3-4 mg./kg.) of the three com- 
pounds; phenylbutenylamine increased the respiration rate by 82%, 
phenylallylamine by 45 % , while diphenylethylamine produced no change 
in the respiration rate. 

As the stimulant action of phenylbutenylamine on the respiration was 
found to be so pronounced and constant that it might be of therapeutic 
value as a respiratory stimulant, further experiments were made to 
compare its activity in this respect with that of other respiratory 
stimulants, especially with benzedrine and lobeline. The respiratory 
stimulant action of benzedrine was first described by Alles & Prinzlnetal 
[1933] and that of lobeline by Wieland & Mayer [1922], 
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15 min. Five minutes later (20 min. after. the previous injection of 
phenylbutcnylnmine) the respiration rate being 60 per minute and the 
blood pressure 134 mm. Hg. lobeline (2 mg./kg.) was injected. This 

lowered the blood pressure to 90 mm. and produced a transient irregularity 
of respiration with some general muscular movements. One minute 
after injection, the respiration became regular at the rate of 66 per 
minute. In this experiment lobeline produced less stimulation of respira- 
tion than did phenylbutenylamine. 

Since the respiratory depression induced by so large a dose of morphine 
subcutaneously administered, would persist for much longer than 2 hr., it 



Fig. 2. Rabbit, morpiiino-ether anaesthesia, showing respiratory stimulation and pressor 
notion of phenylbutenylamine 2 mg./kg. 

is reasonable to conclude that phenylbutenylamine stimulates the respira- 
tion in a rabbit which has received a high narcotic dose of morphine. 

Some experiments were done to compare the respiratory stimulant 
action of lobeline with that of phenylbutenylamine in rabbits an- 
aesthetized with urethane (2 g./kg. subcutaneously), an example of which 
is illustrated in Fig. 3. Lobeline (0-25 mg./kg.) increased the respiration 
rate by a maximum of 50% but the rate returned to normal in 3 min. 
Phenylbutenylamine (0-75 mg./kg.) increased the respiration rate by a 
maximum of 54%; 3 min , after injection the rate was still 30% above 
normal and the normal rate was not reached until 10 min. later. The 
dose of phenylbutenylamine given was three times that of lobeline. 
These relative doses of the two substances were selected for comparison 
because Chakravarti [1939] had found that the equivalent dose for 
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A graphic record of respiration in an unanaesthetized animal could 
be obtained in the decerebrate cat. An illustration of the effect of 
phenylbutenylamine on respiration and blood pressure is given in Fig. 4. 
A dose of 2 ing./kg. increased the respiration rate from 12, to a maximum 
of 18 per minute, and, 15 min. later, the respiration rate urns still 16 per 
minute. 

So far as the respiration rate is concerned, therefore, all experiments 
agree in showing that phenylbutenylamine is an effective and consistent 
respiratory stimulant. This has been found in unanaesthetized mice, 
guinea-pigs and rabbits, in the decerebrate cat, and in rabbits anaesthe- 
tized by urethaiie or narcotized by morphine. In a few experiments 
which can only be regarded as preliminary, phenylbutenylamine has 
proved at least as effective a respiratory stimulant as benzedrine or 
lobeline. It is well known that the effectiveness of analeptics varies 
with the depressant which they are employed to antagonize and a much 
wider basis of experiment would be necessary for a quantitative com- 
parison of phenylbutenylamine with other respiratory stimulants. Ex- 
periments to this end are in progress. 

Primary apnoea. In a recent study of the action of benzedrine on the 
respiration, Chistoni & Beccari [1940] conclude that the respirator} 
stimulation produced by this compound is due to two factors, a direct 
stimulant action on the bulbar respiratory centres and a stimulation of 
the chemoreceptors in the carotid sinuses. We have as yet made no 
similar analysis of the nature of the respiratory stimulation produced 
by phenylbutenylamine. They draw attention, however, to the difference 
between benzedrine and adrenaline in regard to the initial transient 
apnoea. The fact that adrenaline may produce such an apnoea was 
pointed out by Oliver and Schafer and the phenomenon has been ex- 
tensively studied by many workers and recently reviewed by Marri k 
Hauss [1939]. Chistoni & Beccari failed to obtain apnoea with benzedrine 
in the dog anaesthetized by chloralose, but observed partial apnoea when 
barbital was used as an anaesthetic, in which case the apnoea was as 
cribed to a reflex stimulation of the carotid sinuses by the rise of blood 
pressure. Various explanations have been given of adrenaline-apnoea 
but it has been very commonly held that it is secondary to the con- 
comitant hypertension. 

We have occasionally (three out of ten experiments) encountered 
apnoea with phenylbutenylamine in rabbits anaesthetized by urethane, 
and, certainly with this compound, it is impossible to attribute the 
apnoea to general hypertension, because the apnoea may occur with an 
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went, showed that, in the spinal cat. the former lias about l/<_00^ 

1/400 of the pressor activity of adrenaline and that its pressor action 
lasts approximatelv S times as long as that of adrenaline. 

Tachyphylaxis' It has been observed by many workers and with 
several compounds related to adrenaline that, if an initial intra\enous 
dose gives a certain rise of blood pressure, a second injection of the ^anie 
dose mav have a much feebler pressor effect, or no effect, or sometimes 
even a depressor effect. This reduction of pressor activity with repetition 
of injections (tachyphvlaxis) has been observed especially with cpliedrine 
and benzedrine, and a discussion of the problem in the case of benzedrine 
has recently been given bv Chistoni & Beccari [1938]. The degree of 
tachyphylaxis depends upon the dose of the drug and the inter\al 
between the injections but. even if these factors are kept constant, 
marked variations are shown by different individuals even of the same 
species of animal. 

In regard to tachyphvlaxis. adrenaline shows a sharp contrast to 
ephedrine or benzedrine because (1) a second injection of adrenaline, 
even if administered shortly after the first, usually produces a higher rise 
of blood pressure than the first, and (2) in an animal in which a first 
injection of benzedrine has almost annulled the pressor effect of a second 
injection of benzedrine the pressor action of adrenaline may be still 
unimpaired. 

The usual explanation given of tachyphylaxis, is that a compound 
which displavs this phenomenon, once it has combined with the receptors 
upon which it acts, “occupies” those receptors for a time in such a way 
that they cannot take up further amounts of the compound. 

Seeing that adrenaline still acts during this “occupation”, it is 
inferred that it acts on different receptors from those occupied by the 
compound producing tachyphylaxis. 

"W e have found that tachyphylaxis occurs in spinal cats with phenyl- 
butenylamine, though, in our experience, to a less extent than with 
benzedrine. An interesting point, however, is that a first injection of 
benzedrine may annul the effect of a subsequent injection of phenvl- 
butenylamine as completely as of benzedrine itself, as is shown in the 
following experiment (Tig. 7). In a spinal cat a first injection of benzedrine 
(2-5 mg. 'kg.) raised the blood pressure by 90 mm. Hg, (a) and 20 min. 
later, it was still 20 mm. above normal. Phenylbutenylamine (2-5 mg./kg.) 
was then injected (6) and produced a rise of pressure of 10 mm. lasting 
only 20 sec. Five minutes later the same dose of benzedrine was equally 
ineffective (c), though, after another 5 min. interval, adrenaline (5 pg./kgd 
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phenylbutenylamine was greater than that of phenylaUylamine, while 
diphcnylethylnmine was usually depressor, occasionally feebly pressor, 
in any effective dose. The pressor effect of phenylbutenylnmine in a 
rabbit anaesthetized by morphine-ether is shown in Fig. 1, in which a 
dose of 2 mg./kg. raised the pressure from 142 mm. Hg to 170 mm. 

In the decerebrate cat, phenylbutenylnmine produced a similar rise 
of pressure, often preceded by a transient fall (see Fig. 4). 

Experiments on the spinal cat gave results analogous to those de- 
scribed above, showing that the pressor effect of phenylbutenylamine is 



Fig. 6. Spinnl cat, showing comparative effects on blood pressure of 3 mg. (A) and 10 mg. (B) 
phenylbutenylamine, of 3 mg. (C) and 10 mg. (D) diphenylethjdamine, and of 10/ig. (E) 
adrenaline. 


greater than that of phenylaUylamine while diphenylethylamine has 
very little effect on blood pressure in corresponding doses. A comparison 
of phenylbutenylamine, diphenylethylamine and adrenaline is shown in 
Fig. 6. A dose of 3 mg. of the first compound raised the blood pressure 
by 60 mm. (A), one of 10 mg. by 120 mm. (B), while corresponding doses 
of diphenylethylamine (C and D) produced only tr iflin g effeots. A sub- 
sequent injection of 10 /zg. of adrenaline increased the pressure by 
104 mm. The absence of pressor effect of diphenylethylamine was not 
due to its being injected after phenylbutenylamine because the same 
result was obtained if the order of injections was reversed. The number 
of experiments done were not sufficient accurately to equate the pressor 
activities of phenylbutenylamine and adrenaline, but so far as they 
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Peripheral sympathomimetic action 

It has been found, by many workers that the actions of few compounds 
related to adrenaline reproduce the peripheral sympathomimetic effects 
on various organs containing smooth muscle with the same completeness 
and fidelity that are sliown by adrenaline itself. Epstein cl ai. [1932] 
examined the actions of certain methoxyphenylethylamines nnd, from 
the responses given by a variety of organs, came to the conclusion that 
these compounds are sympathomimetic in the cat, but not in rodents. 
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8. Isolated uterus of non-pregnant cat, showing stimulation by phenylbutenylamine 
(1 in 20,000) and relaxation by adrenaline (1 in 10'). 

We have considered this question in a recent paper [Gunn & Gurd, 1940] 
and the discussion need not be traversed again. It may merely be recalled 
that phenylethylamine, cyclohexyl-ethylamine and the corresponding 
isopropylamine compounds do not always produce the same effect as 
adrenaline even on the same exsected organ. Eor example, a guinea- 
Pig’8 uterus which is inhibited by adrenaline may be stimulated by any 
one of these compounds. The actions of such compounds which are not 
strictly sympathomimetic do not admit of any known simple classifica- 
tion, such as “relaxation” or “contraction” of involuntary muscle as a 
whole, because the smooth muscle of one organ may contract, and that 
of another relax, under the influence of the same compound. Until some 

TH. XOVUI. or . 
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raised the pressure by 90 mm. (d). Even after the lapse of 90 min., 
phenylbutenylnmine raised the pressure by only 20 mm. 

This experiment illustrates what was consistently found, namely, 
that benzedrine produces a high degree of tachyphylaxis not only to 
itself but also to phenylbutenylnmine. The contrary, however, is not 
true to anything like the same extent, for phenylbutenylnmine produces 
much less marked tachyphylaxis either to itself or to benzedrine. In an 
experiment, for example, in which the same doses were employed as in 
the previous experiment but the order of injections was reversed, a first 
injection of phenylbutenylnmine (2-3 mg. /kg.) raised the pressure by 
96 mm. Hg and a subsequent injection of the same dose of benzedrine, 



Fig. 7._ Spintil cat, blood pressure showing “crossed tachyphylaxis” of phenylbutenylamine 
following benzedrine. At a and e, 2-5 mg./kg. benzedrine, at b, 2-5 mg. /kg. phenyl- 
butenylnmine, at d, Sfig./kg. adrenaline. 

given 5 min. later, raised the pressure by 110 mm. Subsequent in- 
jections of benzedrine produced a fall of pressure. AYe have found that, 
in contrast to what occurs with benzedrine, phenylbutenylamine can 
be given, in the spinal cat, in repeated doses at short intervals with 
little or no diminution of pressor activity, whereas the interpolation of a 
single similar dose of benzedrine at once di minis hes or annuls the effect 
of subsequent injections either of benzedrine or of phenylbutenylamine. 
No simple explanation suggests itself for this difference in degree of 
“crossed tachyphylaxis” between the two compounds. It may be noted 
here also that, certainly with phenylbutenylamine and probably also 
with benzedrine, no corresponding phenomenon occurs with the respira- 
tory stimulant action because little or no reduction in respiratory 
stimulation occurs with repeated equal doses, even when given at short 
intervals. 
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of adrenaline bnt about three times the duration. Both compounds, in 
concentration of 1 in 10,000 to 1 in 50,000 caused stimulation of the in- 
testinal movements in the cat and relaxation in the rabbit. The same 
concentrations stimulated the uterus in the non-pregnant cat (Fig. 8), 
rabbit, guinea-pig and rat. 

So far as exsected organs are concerned, therefore, the responses of 
-mooth muscle to these two compounds differ in many points from those 
° 3 ena line, notably in the facts that the uterus of the non-pregnant 
h'h' ^ nea P'" aTld ar *d the intestine of the cat, all of which are in- 
cat'^b ^ adrenab ne, are stimulated by these compounds. In the spinal 

defi ■, 0 ? eVer ’ tbe organs m situ, the responses differ and are more 
in Y V s D n P a ihomimetic. -For example, in the experiment illustrated 
j 1 ^ " a recor ^ was taken of the blood pressure, intestinal movements 
i.j a ° nc calibre (by Jackson’s method). Phenylbutenvlamine 
dilat°/‘ ^ P roduced a rise of pressure, relaxation of the intestine, and 
identi ^* e broncb i- Fhe same dose of benzedrine produced almost 
of nmr'' 1 1 ° ■ e r Ct , S " ^^ rcna hne produced effects qualitatively similar though 
ben 7 p<t • 06 ll ^ ut ' on - Dilatation of the bronchi in the cat and dog with 
et v v1 . 6 ^ firSfc described b 7 Alles <fc Prinzmetal [1933]. Diphenyl- 
laxation “f In CQncentrations ° f 1 in 5000 to 1 in 50,000 produced re- 
rabbit’s ut 6 r , ntKCle ° f 3,1 exsected organs with exception of the 
its action CrUS ' ' l tS effeCfc ou blood P ress are is also mainlv depressor, 
with excentT S Tl h mUSCle Can be re £ arded as generallv depressant, 
* ie r * bbit ' S "‘O™ -Wch is often sH™l„tcd by otoA 
s ^rbich depress most other forms of smooth muscle. 

Discussion 

of %$£*«** PreSGIlt blVe5ti § ation was t0 determine the effects 
Phenvlallvlamin unsaturated side-chain in phenylethvlamine. 

*nd general actionT^ ^ f lde , Cham : CH ■ is, in toxicity 
^ the side-chain C^^^ 

S1 de-chain -CH • CH Phe nylbutenylami ne , with the 

to ricifcv and „ ene Jf a '^ {C ® 3 ^’. Ter 7 closely resembles, both in 
^H.CH(CH So f ir Which P ossesses tba side-chain 

tb * addition r“ 816 C0DCemed - therefore, 

raarkablv little n T atom the side-chain has re- 

tbegro.p^ ' *£» ac rixity. Otherwise regarded, 
-CH,- a resul ' , . , , IS ’ m tbese compounds, almost equivalent to 

0a the other hand pWlbute^-l^^^ 5 ^ theoretical considerations. 

’ pben 7 lbuten ylamme is not identical with benzedrine 
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satisfactory explanation of these differences in response is forthcoming, 
there seems nothing to be done beyond recording the experimental 
findings. 

We have examined the actions of the three compounds here under 
consideration on the isolated heart (cat and rabbit), isolated intestine 
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Fig. 9. Spinal cat, records of bronchial calibre, intestinal movements (I.) and blood 
pressure (B.r.). Phonylbutenylumine (2mg./ig.) produced dilatation of the bronchi, 
relaxation of intestinal muscle, and rise of blood pressure, all sympathomimetic effects. 

(cat, rabbit and guinea-pig) and isolated uterus (cat, rabbit, guinea-pig 
and rat). So far as phenylallylamine and phenylbutenylamine are con- 
cerned, their actions on these organs resemble so closely those of phenyl- 
ethylainine and benzedrine that it is scarcely necessary to submit 
detailed descriptions or illustrations. Both compounds produce the 
characteristic augmentation and acceleration of the isolated cat’s heart, 
phenylallylamine having an intensity of action of the order of 1/300 
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The phenylallylamine used in tlie«e experiments was synthesized by Dr C. .1. Virtlen in 
* e Pharmacological laboratory, Oxford, several years ago. A supply of the other two 
rompoands was obtained from Messrs Imperial Cbemieal Industries, for which courtesy 
m ' n5 “ tQ ree °fil onr indebtedness to them. 
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in its actions, the main difference being in its action on the central 
nervous system upon which it seems to act lower down than benzedrine. 
Probably a more detailed investigation would reveal other minor differ- 
ences in action, as has been the almost universal experience in comparing 
members of other homologous series. 

Diphenylethylamine, with the side-chain — differs 
widely from benzedrine, with the side-chain — CH 2 CH(CH 3 )h'H 2 , in its 
actions on the central nervous system, on blood pressure and on smooth 
muscle in various organs. The substitution in this position of a phenyl 
for a methyl group, therefore, completely alters the physiological 
action. 

As phenylbutenylamine proved to be so reliable a respiratory stimu 
lant under a variety of conditions that it might be of therapeutic interest, 
its actions have been described in greater detail than those of the other 
two compounds. 

Summary 

1. Phenylallylamine is, in its physiological activities, hardly dis 

tinguishable from phenylethylamine. . . 

2. Phenylbutenylamine very closely resembles benzedrine in toxicity, 
in action on blood pressure and on smooth muscle in various organs, t 
differs somewhat from benzedrine in action on the central ner\ ous 
system, having relatively less stimulating action on the motor cortex. 
It is a reliable respiratory stimulant under a variety of conditions, 
comparing favourably in this respect with either benzedrine or 

lobeline. . . 

3. Neither phenylallylamine nor phenylbutenylamine are strictly 
sympathomimetic in action. The latter, for example, stimulates t 
isolated uterus in the rat, guinea-pig and non-pregnant cat, when these 
are inhibited by adrenaline. This compound has about 1/800 to 1/400 
of the pressor activity of adrenaline but the pressor action lasts about 

8 times as long. , . 

4. So far as these two compounds are concerned, the lengthening o 
the side-chain by introduction of two unsaturated carbon atoms has 
remarkably little effect on physiological activity, the substitution of tko 
group ( — CH : CH — ) being equivalent to ( — CEL, — ). 

5. Diphenylethylamine differs widely from benzedrine in its actions 
especially in having a mainly depressant action both on the central 
nervous system and on smooth muscle. The substitution of a phenyl for 
a methyl group in the a-position in phenylethylamine has, therefore, a 
profound effect in altering the quality of physiological action. 
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A mercury valve was attached to the carotid cannula by a side tube, 
so that a rise of blood pressure could be prevented, and the pressure 
maintained at a constant level. The side tube was clipped off when the 
valve was not required. 

Intracranial pressure was gradually raised to n lovel averaging 
Omm. Hg above the systemic blood pressure, and heart rate and blood 
pressure recorded. Approximately 30 sec. was taken in raising the 
intracranial pressure, which was maintained for 5-20 min. These 
experiments were then repeated with the mercury valve open, so that no 
o ood pressure occurred when the intracranial pressure was raised, 
one experiment, the pressure in the cisterna mngna was recorded, and 
re ^° Un ^ ^ ,be P ressu re in the cisterna did not rise to the level 

,.f° r G 011 the sphygmomanometer dial, being approximately 
10 mm. Hg lower. 


Results 

rn 

n experiments were carried out, and in each case a rise in the 
^acranial pressure was followed by a rapid rise of blood pressure and 
lev 1 0 fi, S ^ r h en the blood pressure was maintained at a constant 

> e ecrease in cardiac rate was nearly as great as -when the blood 
Pressure was allowed to rise. * 

f 111 

e average rise of blood pressure, when the mercury valve was not 

from l'qiTf 8 k° m 140 mm ' ^ ant l the pulse rate fell 

bv P er rrrrnute. The average intracranial pressure as recorded 

y ae syphygmomanometer dial was 200 mm. Hg. 

5 mnTrf ^ 6 mercux A valve , the blood pressure did not rise more than 

m t, g . from 132 to 137 mm. Hg, but the heart slowed from 182 to 
rm per minute. 

slow 1 Sh0WS thC IC8ult3 obtain ed in a typical experiment. The cardiac 
Ureas, ,l C w S ° Q tKe mtracranial pressure exceeds the systemic 

mtracrakal preS^ 1116 ' 1 ^ WheQ ^ bl °° d PreSSUXe rise8 above the 

Discussion 

^£,2“ Sh ° W that the CardiaC slowin g associated with 
The detlTl PIeS T “ ? dep8ndent ° f thB - e 0f Wood pressure, 
obtained hi the ^ ^ “ kept Constant is k® than 

valve when the iT ’ T*™ “ a IoSS ° f blood ™ the mercury 

to s ome TWS baemo "hage amounts 

The onset of the ciTh and Sucb a ^° 83 wou Id cause a cardiac acceleration. 

coming on when^th^ int^ 8 ^ 0AN ? n g Was simb ar in both sets of experiments, 
g when the intracranial pressure exceeded the systemic blood 
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THE RELATION OF HEART RATE 
TO INTRACRANIAL PRESSURE 

By 0. G. EDHOLM 1 

From the Department of Physiology, King’s College, London 
(Received 17 May 1940) 

A rise in intracranial pressure above the level of the systemic blood 
pressure is followed by a rise of blood pressure and a slowing of the 
heart [Cushing, 1902]. The rise in blood pressure is independent of the 
vagus [Cushing, 1902], and of the carotid sinus [Guernsey, Weisman 
& Scott, 1933], The cardiac slowing is not due to carotid sinus impulses 
[Heymans, 1928], but is abolished by section of the vagus [Cushing, 
1902], 

Although this evidence supports the view that the cardiac slowing 
is due to a direct stimulation of the vagus centre, the possibility that the 
slowing is secondary to the rise of blood pressure, 'acting via the cardio- 
aortic pressor receptors, has not been eliminated. This paper describes 
experiments to test this point. 


Methods 

Cats- anaesthetized with ether followed by chloralose (0-056 g. per kg. 
body weight) were used for all experiments. Blood pressure was recorded 
by a mercury manometer connected to a cannula in the right common 
carotid artery. A Hurthle manometer connected to a cannula in the 
right femoral artery recorded the heart rate. The skull was trephined 
over the left parietal region, the opening being f in. in diameter. The 
dura was incised and a close fitting rubber bung, with a glass tube 
passing through, was inserted into the trephine opening. The glass tube 
was -connected to a flask containing Ringer’s solution at 38° C. The pump 
and recorder of a syphygmomanometer were attached to the flask. By 
pumping in the Ringer’s solution the intracranial pressure could be 
raised over 200 mm. Hg and maintained at this level for 20 min. 

1 Bovril Research Scholar. 
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intracranial pressure. This was found by both Cushing ( 1 90—) and E} , 

Burrows & Essick (1909). . , 

Pressor receptors cannot be responsible for the cardiac s ov. m 0 , anc 
it is concluded that the raised intracranial pressure stimulates t ic r a c us 
centre directly. 

Summary 

1. The cardiac slowing associated with raised intracranial pressure 

has been investigated in cats. . . 

2. Preventing the rise of blood pressure produced b} a raise mtrn 
cranial pressure does not abolish the cardiac slowing. 
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pressure level. At this point there must he an anaemia of the medulla, 
but since the cardiac slowing persists after the blood pressure has risen 
above the intracranial pressure, it is unlikely that anaemia is the cause. 




150 133 92 130 l 40 


Fig. 1. Record of blood pressure and heart rate. At points marked P+ intracranial 
pressure raised to 170 mm. Hg, at P - the pressure is lowered. The intracranial 
pressure ohanged over a period of 35 sec. To obtain the figure for the pressure exerted 
on the medulla, 10 mm. Hg should be deducted (see text). In the lower tracing, the 
mercury valve is in use, keeping the blood pressure constant. The heart rate per 
minute is given underneath the tracings. 

Although the intracranial pressure, as recorded by the syphygmomano- 
meter, was in many cases higher than the systemic pressure reached, the 
experiment in which the pressure in the cistema magna was measured 
showed that the pressure here was 10 mm. Hg lower, and if this correction 
is used, in all cases the systemic blood pressure is found to rise above the 
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OSMOTIC PRESSURE OF THE ENDOLYMPH 

of the endolymph pipette, which is thus introduced into the sea la media 
without anv danger of picking up cerebro-spinnl fluid on the w aj . 

The depth to which the pipette is advanced is controlled b\ the 
appearance of fluid therein, which must be endolymph. provided that 
the suction apparatus keeps the field clear of all cerebro-spinnl fluid. 

Serial sections of the cochlea have been made in six animals and 
exclude the perforation of Reissner's membrane by the pipette as a likeh 
complication. 



A sample of cerebro-spinal fluid is then collected from the cistema 
aiagna. For this purpose the posterior atlanto-occipital membrane is 
exposed by dissection and punctured under direct vision with a dry glass 
capillary. Finally, a sample of blood is collected from the carotid 
a rtery into a glass tube containing a trace of heparin as an anti-coagulant. 

Difficulties. In all, some thirty experiments were performed. At first 
a good deal of variation in the osmotic pressure values was met with. The 
Actors chiefly concerned appeared to be depth of anaesthesia and 
Prolongation of the operative procedure beyond H hr. 

^ dh regard to the actual procedure of collection of the various fluids, 
n » difficulty was encountered with blood, c.s.f., or perilymph, and once 
a equate speed of operation and control of anaesthesia was obtained the 
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OBSERVATIONS ON THE OSMOTIC PRESSURE 
OF THE ENDOLYMPH 

By P. ALDRED, 1 C. S. HALLPIKE 2 and A. LEDOUX 3 

From the Ferens Institute of Otology, Middlesex Hospital, and the 
Department of Physiology, University College, London 

(Received 24 May 1940) 

Although the work of Guild [1927], Skambaugh [1932] and others has 
provided valuable circumstantial evidence that the metabolic processes 
of Corti’s organ are effected in the mammal through the medium of the 
endolymph, no investigations have yet been carried out upon the 
chemical or physical attributes of this fluid on account chiefly of the 
technical difficulty of its collection. 

Fig. 1 illustrates a method whereby it has proved possible in the cat 
to obtain endolymph samples large enough for the thermo-el ectnc 
estimation of its total osmotic pressure. 

The round window is exposed under light nembutal anaesthesia and 
a sample of perilymph is first collected by piercing the membrane with 
a dry glass capillary carried on a micro-manipulator. The membrane. is 
then detached from its bony insertion with a needle and displaced 
upwards, exposing clearly the inferior aspect of the basilar membrane in 
its basal turn. A micro-pipette, the point of which is constructed to be 
somewhat smaller than the width of the basilar membrane, is then 
arranged by means of the micro-manipulator with its point close to the 
membrane and at right angles thereto. 

Meanwhile, the held is filled with cerebro-spinal fluid flowing into the 
internal ear via the cochlear aqueduct. A second suction pipette is 
arranged with its point close to the opening of the aqueduct. 

By the opening of a tap it is possible in this way to clear the field of 
cerebro-spinal fluid and leave the basilar membrane dry for the entry 

1 Working with a grant from the Royal Sooiety. 

a Foulerton Res ear oh Fellow, Royal Society. 

5 Research Fellow of the Belgian Universities Foundation. 
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theory of its origin ns n secretion by the choroidal plexus, ns fully 
discussed by Flexner in a recent review [1934]. 

(2) The osmotic pressure of the perilymph cxcee e t n o 1C 

in every case but one, in which equal values were obtninet . 
values were as follows: c.s.F. 1-017; perilymph 1*04 f . 

(3) In three of the six cases the osmotic pressure o t \e en o yi 
was found slightly to exceed that of the perilymph. In the ot er ^ 
cases this result was reversed. The average pressure of the em o } n P 
exceeded that of the perilymph by 0-01 % NaCl. On account o 
difficulties described in the collection of the eudolymph no si 0 ni ca 
can be attached to this difference. The measurements have therefore 
been taken as indicating that endolympli and perilymph are x irtua j 
iso-osmotic at a level equivalent to about 1-052% iSnCl. The osmo 
pressure of the c.s.F. was equivalent to 1-01 1 % hiaCl. 


Discussion 

The anatomical and osmotic conditions within the labyrinth may 
now be summarized in the form of a diagram (Fig. 2). The en o y ,n P 
sac is filled by a secretion of the stria vascularis. This drains into t e 
saccus endolymphaticus, and through its walls into the loose pensaccular 
connective tissue. Thereafter it is probably absorbed into small venous 
tributaries of the lateral sinus. 

The perilymphatic space containing perilymph is bounded bj bone 
rrith the elastic membrane of the round window adjoining the opening 
°f the narrow cochlear aqueduct which leads from the subarachnoid 
space of the posterior fossa. 

The present findings appear to be most readily explicable upon the 
hypothesis that the osmotic pressure of the endolymph at its source is 
high, and that a correspondingly high osmotic pressure of the perilymph 
is maintained by diffusion through the thin membrane separating the 
two fluids. 

According to this hypothesis the cavity of the bony labyrinth may be 
regarded as a virtually closed space in which the contained fluids, both 
endolymph and perilymph, are in effect derived entirely from the 
endolymph. The presence of the cochlear aqueduct makes it impossible 
°f course to regard the labyrinth cavity as being in fact an entirely 
closed space, and to justify the view put forward it is necessary to assume 
that the flow of endolymph is rapid relative to the rate of the c.s.F. — 
perilymph exchange through the cochlear aqueduct. 
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otic pressure values obtained for these fluids were considered on 
inical grounds to be trustworthy. 

The case of the endolymph was more difficult, since, following the 
aing of the round window membrane, a fairly free flow of c.s.f. 
ivs occurred, and any failure of the suction technique resulted in the 
lixture with the endolymph specimen of varying amounts of c.s.f. 
Measurements were made of the total osmotic pressure of the blood, 
f., perilymph and endolymph. Baldes’ [1934] modification of Hills 
•mo-electric method was employed, and several pairs of especiall} 
11 thermo-couple loops were constructed by Mr J. L. Parkinson, to 
un our best thanks are due. These were used alike for all of the 
• fluids. 

Irrors duo to evaporation of tho fluid samples were minimized by using pipettes 
oximntely standard dimensions, and so far as possible the samples trere of co 
After use, tho pipettes were at once fixed with plasticine in the vertical position 
nside of a narrow bottle, with their tips under mercury nnd so maintained nnti e 
lurements were made. This was effective in preventing the fluid samples from ns g 
tho wider portion of tho pipettes where evaporation would be greatly accelerate* • 

All tests were carried out in an atmosphere in the testing chamber 


xygen and 5% carbon dioxide. . 

The results to be described were obtained with a final series o six 
nals, in each of which the total procedure was completed without 
inical fault within 14 hr. 

Results 


The figures given represent average values of a number of estimations, 
erally from 3 to 6. They express the total osmotic pressure in equivalon 
;entages of NaCl (g. NaCl per 100 g. EL,0) and are subject to a probable 


ir of ±0-005%. 


1 

2 

3 

4 

5 

6 

Average 


Blood 

C.S.F. 

Perilymph 

Endolymph 

0-992 

1-025 

1-037 

1-033 

0-990 

1-013 

1-013 

1-048 

1-020 

0-980 

1-030 

1-005 

1-044 

1-054 

1-100 

1-073 

0-990 

0-994 

1-038 

1-024 

0-994 

1-029 

1-093 

1-073 

0-994 

1-017 

1-046 

1-058 


These results may be summarized as follows : 

(1) The osmotic pressure of the c.s.f. was in every case found to 
eed that of the blood. The average values were as follows: blood 0-994; 


f. 1-017. 

It appears justifiable to regard this difference as representing a 
1-defined gain of free energy by the c.s.f. in accordance with the 



T3E JOURNAL 


° F PSYSIOLO 


GY, 


Voi. 


98 , No. 


Plate I 




450 P. ALDRED, C. S. H ALLPIKE AND A. LEDOUX 

No data are available upon the rate of flow of the endolymph, although 
in view of its probable function, its independent pathway, and the 
bulk and vascularity of the stria vascularis this may well be con- 
siderable. 

With regard to the rate of exchange of the c.s.F. and perilymph 
through the cochlear aqueduct it is possible to indicate the magnitude 
of certain limiting factors. The freedom of flow of fluid through the 
aqueduct in response to pressure changes in the subarachnoid spaces is 
dependent upon the bulk modulus of the bony labyrinth, the value of 



Fig. 2. 


which in the absence of the round window membrane would in all 
probability be enormous, approximating to that of water itself and 
would virtually prohibit any fluid movement through the aqueduct. 

The effectiveness of the round window membrane in reducing this 
value would depend in turn upon the elasticity of its fibres and upon 
its area relative to that of the rest of the labyrinthine wall. No informa- 
tion regarding the former is at present available. With regard to the 
latter, data on the human labyrinth were obtained by projecting serial 
histological sections at a convenient magnification and by measuring 
the total lengths in all the sections of the internal contours of the bony 
labyrinthine wall and of the round window membrane. 
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With regard to the rate of exchange of the c.s.f. and perilymph 
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probability be enormous, approximating to that of water itself and 
would virtually prohibit any fluid movement through the aqueduct. 

The effectiveness of the round window membrane in reducing this 
value would depend in turn upon the elasticity of its fibres and upon 
its area relative to that of the rest of the labyrinthine wall. No informa- 
tion regarding the former is at present available. With regard to the 
latter, data on the human labyrinth were obtained by projecting serial 
histological sections at a convenient magnification and by measuring 
the total lengths in all the sections of the internal contours of the bony 
labyrinthine wall and of the round window membrane. 
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For this purpose a recording map measuring device of the usual 
rotating wheel type was used. The ratio of these lengths, and according]} 
of areas, for round window membrane and bony labyrinthine wall was 
found to he as 1 : 257, and the relative smallness of the membrane must, 
accordingly be regarded as a considerable factor in limiting the flow of 
c.s.r. through the cochlear aqueduct. Certain questions concerning the 
ultimate fate of the endolymph are raised by the measurements of its 
osmotic pressure which have been described and consideration may be 
given to certain structural aspects of the saccus endolymphaticus and 



Fig. 3. 


its surroundings. Fig. 3 is a diagrammatic representation of the 
mammalian ductus and saccus endolymphaticus according to Guild 
[1927], The narrow tube lined by flattened epithelium is the ductus and 
all of the wider distal part is the saccus, which Guild divides into three 
parts, proximal, intermediate and distal. The proximal and distal parts 
are lined by flattened epithelium and the intermediate part by a low 
columnar epithelium with recesses and papillary ingrowths. Surrounding 
this " pars intermedia” is a very loose vascular connective tissue. 

Fig. 4 shows the normal structure of the pars intermedia of the human 
saccus endolymphaticus with its surrounding loose perisaccular connective 
tissue containing the radicles of the adjacent lateral sinus 
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Summary 

A method is described of collecting small samples (5-10 cu. mm.) of 
endohmph in the cat. 

The results are given of a short series of thermo-electric estimations 
of the total osmotic pressure of the blood, cerebro-spinal fluid, perilympb 
and endolvmph. 

The values obtained, expressed as equivalent percentages of KaCl 
(g. XaCl per 100 g. H„0), were respectively: 

0-994, 1-017, 1-046, and 1-058. 

The findings are considered to support the view of a secretory origin 
of both cerebro-spinal fluid and of the labyrinthine fluids, and to provide 
some indication of the relative rates of the flow of endolymph and of the 
cerebro-spinal fluid-perilymph exchange through the cochlear aqueduct. 

A suggestion is made concerning the mechanism of the final disposal 
of the endolymph. 

,™t^ 0WledgemHlt “ rande to 1116 3Iedical Research Council for the provision of an 
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By means of the Prussian blue granule technique Guild was able to 
show that the endolymph is absorbed through the wall of the pars 
intermedia into this loose perisaccular connective tissue. The passage of 
the endolymph through the wall of the saccus endolymphaticus may 
thus be regarded as a fact based upon observation by Guild. It must be 
added that Guild himself made no suggestion as to the further disposal 
of the endolymph, and the assumption of its final absorption into the 
radicles of the lateral sinus is arrived at by a process of exclusion. 

The value for the osmotic pressure of the blood is given as equivalent 
to 0-994, and of the endolymph to 1-052 g. NaCl per 100 g. HjO, repre- 
senting pressures of 2892 and 3061 mm. Hg respectively. 

The hydrostatic pressure -within the labyrinth approximates to that 
of the c.s.F., w-hile the pressure within the lateral sinus is approximately 
atmospheric. The maximum filtration pressure within the endolymphatic 
sac is thus unlikely to exceed some 10 mm. Hg, leaving a pressure balance 
of 160 mm. Hg to be overcome by the intervention of some unknown 
mechanism. 

The nature of this mechanism can at present be only a matter for 
conjecture and must, it would seem, involve two distinct processes. In 
the first of these, “the excretion stage”, endolymph is transferred by the 
excretory activity of the epithelium of the pars intermedia into the 
perisaccular connective tissue which is then distended by water attracted 
to the osmotically stronger endolymph. Tins second process, the 
dilution stage”, has a dual effect; first, of increasing the perisaccular 
pressure by swelling of the perisaccular connective tissue, thus opposing 
the further excretion of endolymph from the saccus, and secondly, of so 
reducing the osmotic pressure of the excreted endolymph as to render 


possible its absorption into the blood stream. 

This is followed by a further phase of endolymph excretion from 
the saccus. 

This hypothetical mechanism of transfer of the endolymph from the 
lumen of the saccus to the blood stream is supported by observation to 
a limited extent by the wide variations in the bulk and consistency of 
the perisaccular connective tissue which are found to occur in normal 
material, particularly in the human subject. 

Thus, Fig. 5 a would correspond to the “excretion stage” with a 
moderate bulk of perisaccular connective tissue. In Fig. 5 b (identical 
magnification) the dilution stage is far advanced with extreme distension 
of the meshes of the perisaccular connective tissue. 
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SUMMARY 

A method is described of collecting small samples (5-10 cu. mm.) of 
endolymph in the cat. 

The results are given of a short series of thermo-electric estimations 
of the total osmotic pressure of the blood, cerebro-spinal fluid, perilymph 
and endolymph. 

The values obtained, expressed as equivalent percentages of NaCl 
(g. NaCl per 100 g. TL,0), were respectively: 

0-994, 1-017, 1-046, and 1-058. 

The findings are considered to support the view of a secretory origin 
of both cerebro-spinal fluid and of the labyrinthine fluids, and to provide 
some indication of the relative rates of the flow of endolymph and of the 
cerebro-spinal fluid-perilymph exchange through the cochlear aqueduct. 

A suggestion is made concerning the mechanism of the final disposal 
of the endolymph. 
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THE TIME COURSE OF EVOLUTION OF OXIDATIVE 
RECOVERY HEAT OF FROG’S MUSCLE 

By D. K. HILL 

From (lie Department of Physiology , University College, London 
(Received 28 May 1940) 

In an earlier paper [D. K. Hill, 1940] a method was described for deter- 
mining the time course of oxygen consumption of stimulated frog’s 
muscle at 0° C. Comparison was made with the time course of oxidative 
recovery heat production under the same conditions and the results 
given in this paper were there quoted. 

In the past there have been investigations at 0° C. of the initial heat 
production and of the negative phase in the anaerobic delayed heat, but 
never of the oxidative delayed heat. The reason is that the latter is 
evolved very slowly at such a low temperature and the thermopile- 
galvanometer system previously available did not possess the necessary 
combination of sensitivity and stability. The difficulty has now been 
overcome. The method and technique are due to A. Y. Hill and have 
already been described in detail [A. V. Hill, 1937, 1938, 1939]. Accurate 
analysis of the galvanometer record over the complete period of recovery 
is greatly simplified by virtue of a certain property of the modem 
thermopiles. It is that the rate of fall of temperature at the hot junctions 
is almost exactly proportional to the temperature difference between the 
hot and the cold junctions: this means that a control heating curve has 
a logarithmic form. The application of this property in the analysis has 
been outlined by A. V. Hill [1939]. It will be seen that the oxidative 
delayed heat at 0° C. is not complete for about 30 min. and analysis for 
a period as long as this by the old method would be very laborious. By 
* the new method the analysis can be completed in less than an hour. 
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Method 

The method has been described by A. V. Hill [1939]. The following 
points require mention: 

(1) The solution for preliminary soaking of the muscles must ha'vc 
the same composition as that used in the experiments on oxygen con- 
sumption to ensure comparison under identical conditions. It, consists 
of Rinser’s solution containing 10 ms. P/100 c.c. in the form of phosphates 
at pH 7-2. 

(2) The adequacy of supply of oxygen to the innermost layers of the 
muscle must be considered. The thickness of muscle lying on the thermo- 
pile is never more than 1 mm. The resting rate of oxygen consumption 
at O' C. is 10 -1 c.c./c.c. x ruin. Kxogb’s diffusion constant may be taken 
as IT x 10- 3 at 0‘ C. The concentration of oxygen at a depth of 1 mm. 
in the muscle is (by calculation) 29-5 mm. 3 /c.c. [see A. I . Hill, 1928]. 
^ifh a 12 sec. tetanus the total quantity of oxygen required for complete 
recovery is 26 mm. a /c.c. of muscle. There is thus adequate supply. In 
two experiments the durations of tetanus were 18 and 24 sec. respectively 
and there is thus some possibility of lack of oxygen in the innermost- 
layers of muscle. However, by reference to the previous paper [D. K. 
Hill, 1940] it will be seen that the oxygen consumption occurs so slowly 
^er activity as to allow ample time for replenishment by diffusion! 

(3) The duration of tetanus was varied from 2 to 24 sec. for different 
experiments. It will be seen that the time course of recovery heat pro- 
duction is nearly independent of stimulus duration over this range so 
that for purposes of comparison with the time course of oxygen con- 
sumption the duration need not be exactly specified. 

Results 

The time course of delayed heat production at pH 7-2 
The results are given in Table I. The total quantity of delayed beat 
(anaerobic plus oxidative) is given at one minute intervals up to 30 min. 
or ten different experiments. The figures for the last- six experiments 
axe been added together. The average duration of tetanus for this 
group is 11 sec. which is approximately the duration of stimulus employed 
a t e oxygen consumption experiments. In order to make a comparison 
o e time courses of oxidative delayed heat- and oxygen consumption 
t , 6 0rmer tas t0 he obtained by subtracting from the total delayed heat 
part of tiM5 delayed heat which is still present in the absence of 
• gea- It was shown by Hartree [1932] that this is a justifiable pro- 
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cedure: lie found that the early stages of the delayed heat at 17° C. are 
identical in the presence of oxygen and in the earliest runs of a series in 
the absence of oxygen. Included in Table I, therefore, is a column gi\ ing 
the figures for the earliest runs of a series in nitrogen. The figures are 
expressed as percentage of the initial heat. The sum of the six delayed 
heat experiments is brought to a final maximum of 100. The total 
delayed heat is very nearly equal to the initial heat [A. V. Hill. 1939] 
so the latter may be taken as 100 and the figures for the anaerobic 



delayed heat at the corresponding times subtracted. The result gives the 
tune course of the oxidative delayed heat (see Pig. 1). The determination 
°f the anaerobic delayed heat is the subject of a later paper. 


The time course of delayed heat production at pH 6 

Oxygen consumption following a tetanus is considerably slowed bv 
lowering the pH of the medium used for the preliminary soaking [D. K. 
Sill, 1940], It is desirable to determine the time course of oxidative 
delayed heat production of muscle at 0° C. and pH 6 for comparison 
■"ith the time course of oxygen consumption under these conditions. 

The solution for preliminary soaking was made identical with that 
^sed in the oxygen experiments, namely Ringer’s solution containing 
~h ' T/100 c.c. in the form of phosphates at pH 6. The results are 
ourn in Table IT. Each series is the mean of three runs taken with one 
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pair of muscles. At this pH the time course of total heat production 
varies with the duration of tetanus to a greater extent than at pH 7-2. 
For comparison with the time course of oxygen consumption, therefore, 
the duration of tetanus must be specified: it should be 12 sec. The time 
course of oxidative delayed heat for this duration of tetanus is derived, 
in the same way as at pH 7-2, by subtraction of anaerobic heat from total 
heat (Table II and Fig. 1). 

Discussion 

This research was done for the specific purpose of obtaining a com- 
parison of recovery heat and oxygen consumption under identical con- 
ditions and for that reason is deficient in one respect: the variation of 
the time course of heat production with duration of tetanus has not been 
fully explored. The results in Table I do not demonstrate clearly the 
trend of variation with change in stimulus duration and experiments 
should be done using much shorter and much longer durations. The 
observed changes in time course of oxygen consumption with the longer 
stimuli is consistent with Hartree’s results and the existence of a maximum 
possible rate of oxygen consumption is also to be correlated with Hartree s 
discovery of a maximum possible rate of oxidative recovery heat pro- 
duction. It is probable that corresponding changes would be found in 
the recovery heat production at 0° C. 

At present the time course of oxygen consumption cannot be in- 
vestigated accurately with stimuli of less than about 5 sec. so that com- 
parison with very short durations of tetanus (up to 1 sec.) is impossible. 
It would nevertheless be worth while exploring these lower reaches 
especially for the purpose of investigating further a point mentioned by 
Hartree, namely that with short durations of stimulus the times to 
maximum of the rates of production of anaerobic and oxidative heat vary 
in a similar manner as the duration of stimulus is changed. This acquires 
special significance in view of the conclusions of the next paper where it 
is shown that the early rapid phase of production of the anaerobic 
delayed heat must be attributed to the breakdown and not to the re- 
synthesis of phosphocreatine. It would seem probable that the break- 
down products of phosphocreatine are responsible for the initiation of 
the oxidative recovery processes in muscle. 

Sum mar y 

1. Owing to improvements in technique it is possible to determine 
the time course of oxidative recovery heat production of frog’s muscle 
at 0° C. 
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2. Following a 12 sec. tetanus tliis heat production is half complete 
in 7 min. at pH 7-2 and in 12 min. at pH 6. 

3. At pH 7-2 the duration of tetanus was varied from 2 to 24 sec. 
This is not a sufficiently wide range to bring out clearly the dependence 
upon stimulus duration and further erperiments are required using 
shorter and longer durations. 
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THE ANAEROBIC RECOVERY HEAT PRODUCTION 
OF FROG’S MUSCLE AT o° C. 

By D. K. HILL 

From the Department of Physiology, University College, London 
( Received 28 May 1940) 

The anaerobic' recovery heat of frog’s muscle has received considerable 
attention in the past [Hartree & Hill, 1922, 1923; Furusawa & Hartree, 
1926; Hartree & Hill, 1928; Hartree, 1929; Blaschko, 1930; Cattell & 
Hartree, 1932; Hartree, 1932]. Two phases have been distinguished, an 
early transient negative phase of heat absorption followed by a more 
prolonged positive phase. The great variability in the results obtained 
has always been emphasized and it is the purpose of this paper to show 
that, in certain circumstances, this variability can be interpreted and 
controlled. 

The experiments to be described were done for two reasons : 

(1) As explained in the previous paper, it was desired to determine, 
at 0 ° C., the true oxidative delayed heat, i.e. the part of the delayed heat 
which is caused by oxidative processes. It was seen that this could be 
done by subtracting from the total delayed heat the anaerobic delayed 
heat of the earliest runs of a series in nitrogen. The latter had therefore 
to be determined under the same conditions. (2) In a later paper it will 
be seen that a study has been made of the carbon dioxide exchange of 
muscles with oxygen uptake inhibited. These heat experiments were 
done for purposes of comparison and correlation. 

This research is, therefore, not a general survey of the subject, 
since one important variable, namely, duration of tetanus, has been 
fixed at 12 sec. as required for both the comparisons mentioned. 

\ 

Method 

A general description of the apparatus, the procedure and the method 
of analysis has been given elsewhere [A. V. Hill, 1939]. Some details 
require mention. 
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Following the usual period of soaking at 0° C. in oxygenated Ringer s 
solution (with 10 mg. P/100 c.c. as phosphates at pH 7-2) the latter was 
removed and cylinder nitrogen, freed from traces of oxygen b) passing 
over red-hot copper gauze, was passed rapidly through the thermopile 
chamber for half an hour. It can he shown that in tliis time about 
99% of the oxygen originally present in the muscle will have escaped by 
diffusion and the rema inin g 1 % will be consumed by the resting muscle 
in the same time. The nitrogen was passed slowly through the thermo- 
pile chamber throughout the period of the experiment. This precludes 
possibility of entry of air by convection. 

At p H 6. Experiments with the muscles at pH 6 were done by 
adding phosphate buffer (10 mg. P/100 c.c.) to the mixture used for the 
preliminary soaking. 

Procedure for experiments with muscles poisoned ' with lodoacehc acid. It 
has been shown by Mawson [1932] that muscles under the influence of 
iodoacetic acid are capable of more prolonged activity if they have been 
previously soaked in Na-Z-Lactate. It appears that the lactate can be 
oxidized and the onset of rigor thereby delayed. 

The muscles were first soaked in the usual way in Ringer’s solution 
containing phosphate at pH 7-2. 50% racemic sodium lactate was then 
added to make the concentration 1 % . 15 min. later sufficient ilf/25 
Bodium iodoacetate was added to give a concentration M/2500 and the 
soaking continued for 1 hr. At the end of this time the mixture was 
withdrawn from the muscle chamber and nitrogen was passed to dispel 
the oxygen. Muscles treated in this way are capable of prolonged activity 
without developing signs of rigor. 

Stimulus. Eor reasons already given, the duration of tetanus was 
12 sec. In the experiments on the oxidative delayed heat it was the 
practice to give preliminary trial stimuli consisting of single condenser 
discharges in order to find the voltage for maximal response. In these 
experiments, however, no trial stimuli were given because it is important 
to record the heat production of the muscles following the earliest bouts 
of activity. Anaerobically the time course of heat production varies 
greatly with the amount of previous activity and it is only by omitting 
tnal stimuli that a complete sequence can be observed. 

Osmotic changes. There is one complicating factor which is not on- 
countered in the experiments with oxygen present: it is found that there 
is always a permanent final positive deflection from the originnl base 
fine. This is due to an increase in osmotic pressure of the muscle which 
causes condensation of water vapour on the muscle and consequent 
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liberation of heat [see Hill & Kupnlov, 1930].' Cattell & Hartree [1932] 
avoided this complication by filling the muscle chamber with oxygen- 
free paraffin oil: condensation of water vapour is thus prevented. Ono 
disadvantage of doing this is that the rate of loss of heat from the muscle 
is increased with a corresponding decrease in accuracy: but more im- 
portant is the possibility that the vnluable property of exponential 
temperature decay woidd be sacrificed. This possibility has not yet been 
tested. 

Approximate allowance has been made for the osmotic pressure 
change in tlieso experiments by subtracting the final permanent base- 
shift from the whole of the deflection time curve from the beginning. 

Fatigue of the imtscles. The initial heat production diminishes with 
successive stimuli. Tho series was discontinued when the initial deflection 
had fallen to about one-quarter of its original value. MuscleB which aro 
grossly fatigued aro liable to non-uniform contraction with the anomalous 
results discussed by A. V. Hill [1938]. When the muscles have not 
become unduly fatigued they can bo completely restored by soaking m 
oxygenated Ringor’s solution. 

Analysis of the records. It is necessary to analyse the galvnnome er 
records singly and so obtain a series from one pair of muscles. In t ie 
case of tho oxidative delayed heat it was seen that an absence of variation 
from one run to the next permitted tho summing of a number of runs to 
obtain a representative result. Anaerobically, however, a regular an 
marked variation is discernible and any averaging of results w ou c e 
arbitrary and not representative. With a good pair of muscles at 
it has been found possible to give ns many as 15 tetnui, each of 12 seo. 
and without intermediate soaking in Ringer’s solution. 

Results 

With lactic acid production prevented. In Fig. 1 is shown tho analysed 
results for n series of runs with muscles at pH G. A similar series was 
obtained with muscles poisoned with iodoacetio acid. Lactic noid pro- 
duction cannot occur at pH G [Kerly & Ronzoni, 1933] or in the prosonco 
of iodoacetio acid. It is only under such “ alactncid ” conditions that any 
regular progressive oliange is found in successive runs with ono pair o 
muscles. Tho heat production is entirely negative only in the earlies 
runs when the muscles are in very fresh condition and trial stimuli havo 

been omitted. . 

Under “alnctacid” conditions tho heat production and the return 

of the galvanometer spot are absolutely complete in 10 min. after the 
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activitv. This is in marked contrast- to the behaviour with the muscles 
trader normal conditions when the heat production is not complete for 
more than 30 min , and then tails off so slowly as to make uncertain the 
true duration of recovery. Stress has been laid on this early conclusion 
of the delaved heat production under “alactacid"’ conditions because it 
proves that the lactic acid formation really has been inhibited. For in a 
subsequent paper it will be shown that increase in acidity of a muscle 
which in the later stages of recovery, runs parallel to the lactic acid 
production, is only about one-quarter complete in 10 min. 



**' -Anaerobic delayed heat at O' C. Series taken with muscles at pH 6. The Roman 
nmnerals refer to the position in the series. Ten runs mere taken with this pair of 
cmsclta without intermediate soaking: four were not recorded. Total quantity of 
teat erolved is expressed as percentage of in trial heat. 

<c ~^ naer dbic delayed heat under normal conditions. The results under 
Qiactactd conditions were given first because the number of con- 
current processes associated with heat production is then smaller and 
ra bation between successive runs correspondingly more ordered, 
hen lactic acid production is permitted tbe early phases of heat pro- 
action (occurring within 10 min, after the activity) axe similar as 
regards magnitude and time course to a member of the series under 
ctacid conditions. Superimposed on this common phase is a much 
-er phase of heat production: the time course of its commencement 
wnot he accurately distinguished and its completion is ind efini te and 
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certainly not before 30 min. (Fig. 2). As regards variation between 
successive runs it is found that the later slow phase does not undergo 
any obvious ordered variation although the early phase seems to show 
the same trend ns under “alactacid ” conditions. There is not yet much 
evidence in this respect. 



Fig. 2. ^1, anaorobio delayed bent at pH 7-2, B, a member of a series under “alactacid 
conditions for comparison. Duration of tetanus 12 seo. The heat production is ex- 
pressed ns pcrcontngo of initial heat. 


Magnitude of anaerobic delayed heat. (1) “ Alactacid ” conditions. In 
the longest series taken, the total heat varies from minus 2% of the 
initial heat for the first run to plus 15 % for the tenth and Inst. (2) Normal 
conditions. The total heat for successive runs does not appear to vary m 
an ordered manner but there is not yet sufficient evidence in this respect. 
Some of the variation observed is due to inaccuracy in measuring the 
small second phase of heat production which tails off very slowly. For 
thirteen experiments the average total delayed heat was 19% of the 
initial heat, the values ranging from 6 to 29 % . 

Discussion 

Both phases of the anaerobic delayed heat were originally thought 
to accompany the coupled reaction between lactic acid production and 
phosphocreatine resynthesis, this coupling being more efficient in the 
early stages with the resultant heat absorption. It was unsatisfactory 
to assume such variation in coupling efficiency for Lundsgaard [1931] 
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had shown that there is a fixed relation between number of molecules 
phosphocreatine resynthesized for 1 mol. of lactic acid produced 

Meyerhof, Schulz & Schuster [1937] provided a much better explanation 
for the existence of the two phases of heat production. It is based on the 

discovery that lactic acid is produced in two stages meac o w c 

of phosphocreatine is resynthesized. Pyruvic acid is orrne m 
stage and in the second stage is converted to lactic aci . n > e a sen 
of heat of neutralization of the acid both phases would be endothermic 
and if the lactic acid is neutralized there would be a negative followed 
by a positive phase. One discrepancy here is in the disregar or 
heat of neutralization of pyruvic acid: it would be justi e on y e 
pyruvic acid had a fleeting existence and this would co ^ ^ V1 
conception of a two stage reaction. An elementary test o t e a o\ e 
theory is to find the effect of blocking tbe cycle at a point prior to the 
formation of pyruvic acid: this has been done and shows that not on y 
the negative phase hut also the early part of the ensuing positi\ e phase 
are not to be attributed to lactic acid production. 

It was shown by Lundsgaard [1934] that tbe phosphocreatine break- 
down (liberating 22,000 cal./g.mol.) occurs partly after tbe contraction. 

It is coupled with the resynthesis of adenosine triphosphate (absorbing 
24,000 cal./g.mol.). The total heat from this coupled reaction is just 
negative. It is suggested, therefore, that the negative phase immediately 
following the contraction is caused by this coupled reaction. As tbe 
muscle becomes fatigued it is known that the resynthesis of adenosine 
triphosphate becomes less complete and this may account for the early 
heat output in a fatigued muscle. As further evidence the results of a 
subsequent paper may be mentioned: it will be shown that with a 
muscle at pH 6 an early alkalinity change, attributable to breakdown of 
phosphocreatine, is half complete in about 1 min. which is the time taken 
for half completion of the “alactacid” anaerobic beat. 

In the same paper it will be seen that the formation of lactic acid has 
also been followed. At 0° C. it is found to be very much slower than was 
previously suspected, being half complete in about 20 min. The time 
course of its formation is obviously different from that of the anaerobic 
heat production considered as a whole, but it seems possible that it may 
coincide with the slow second phase. The total heat evolved in this 
second phase is small (about 5% of the initial heat) and spread over 
more than 30 min. : it is difficult to measure it accurately. As a means of 
detecting lactic acid production, measurement of the associated heat is 
practically valueless owing to the endothermic coupled resynthesis of 
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pliospliocreatine which almost exactly brings the total heat output to 
zero [Lundsgaard, 1931]. It is probable that the anaerobic recovery heat 
production under normal conditions continues longer than is shown here: 
it may be that the observer wrongly attributes the whole of the galvano- 
meter deflection at 30-40 min. to osmotic changes in the muscle. Further 
experiments using paraffin oil in the muscle chamber may show that the 
recovery heat really proceeds for about 60 min., a result which would be 
more in harmony with the conclusions of the next paper. 

Summabv 

1. A study has been made at 0° C. of the anaerobic recovery heat of 
frog’s muscle following a tetanus of 12 sec. duration. 

2. A better prospect of interpreting the results is afforded by the 
demonstration that the early stages of the recovery heat production are 
unaffected when lactic acid formation is prevented. 

3. Under “alactacid” conditions the time course of the recovery 
heat production follows a regular sequence of variation with successive 
runs. Following the first tetanus in nitrogen the recovery heat may be 
entirely negative : after the third there may be an early negative followed 
by a positive phase and after the ninth there is solely a positive phase. 
In every case the heat production is complete in 5-10 min. 

4. Under normal conditions there is, in addition, a slow phase of 
heat production attributable to lactic acid formation. This phase has 
indefinite onset and continues for at least 30 min. The total heat evolved 
in this second phase is only about 5% of the initial heat and there is 
doubt about the accuracy with which it has been measured. 

5. The probable significance of the early phase of the anaerobic 
recovery heat is discussed. 
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HYDROGEN-ION CONCENTRATION CHANGES 
IN FROG’S MUSCLE FOLLOWING ACTIVITY 

By D. K. HILL 

From the Physiological Laboratory, Cambridge 
(Received 28 May 1940) 

The pH clianges in stimulated, muscle have previously been followed by 
three methods: 

(1) By measuring carbon dioxide gas exchange. 

(2) By the glass electrode. 

(3) By indicators [Margaria & Pulcber, 1934]. 

The attributes of the first two methods will be discussed briefly. 

(1) Carbon dioxide exchange. The method is due to Lipmann & 
Meyerhof [1930], The muscle was stimulated in fluid at room temperature 
and carbon dioxide exchange between the muscle and gas space was 
necessarily slow. The stimulation was in short bursts at regular intervals 
and the readings were taken at half-hour stages. There was no possibility 
of investigating the kinetics of the changes following a single short 
tetanus. It was not possible to study the changes with oxygen present 
probably for the following reasons: (1) there is complication due to usage 
°f oxygen and production of carbon dioxide; (2) the reactions occur so 
quickly at room temperature that oxidative recovery would be sufficiently 
rapid to keep the muscle in a “steady state” with the rate of stimulation 
employed. No overall changes would be observed and the time lag is too 
great for transient ones to be measured. With a muscle in oxygen it is 
possible to stimulate it so much that the total catabolism shall progressively 
increase; but finally, at room temperature and with a muscle as thick as 
a frog s gastrocnemius or sartorius the rate of diffusion of oxygen would 
be insufficient to supply the needs of the innermost layers. 

(2) The glass electrode. The method employed by Dub uiss on [1937, 
1939] has the advantages of being specific to pH changes and of rapidity 
m recording. The only time lag is caused by transmission of changes 
across the layer of fluid immediately surrounding the muscle. It is not 
possible to follow pH changes during oxidative recovery. 
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The method to be described iiere depends upon carbon dioxide ex- 
change but differs essentially from that of Lipmann & Meyerhof [1930] 
because the muscle is supported in the gas space. This so reduces the 
time lag as to permit investigations of the kinetics of the changes follow- 
ing a single tetanus and of the changes occurring with oxygen present. 
Diffusion in the muscle is allowed for by calculation: errors so introduced 
are rendered unimportant by lowering the temperature to 0° C. The rate 
of metabolism is thus reduced much more than the rate of diffusion. 
Events during the contraction are much too transient to be studied by 
this means. For measuring short period changes (lasting a few seconds) 
the glass electrode method is clearly superior, but for recording pH 
changes which accompany some recovery events in frog’s muscle at 0° C. 
the method to be described here is preferable owing to the stability of 
the base line over periods of 60 min. or more. For some of the slow 
changes which are investigated there is practically no correction for 
diffusion. 

Method 

Two identical frog’s sartorii are fitted into the bulbs of a differential 
volumeter. The bulbs are filled with a mixture containing carbon dioxide. 
Either muscle can be stimulated and the resulting gas exchange is 
registered by observing the movements of the index drop in the capillary. 
All details of the apparatus and method of recording are given elsewhere 
[Hill, 1940a]. The volumeter was kept at 0° C. except where otherwise 
stated. 

Control of pH. Factors governing the rate of exchange of C0 2 following 
a change in pH. For the following reasons it is important that the initial 
pH of the muscles be known. (1) The pH change due to hydrolysis of 
phosphocreatine is dependent upon the initial pH [Meyerhof & Lohmann, 
1928]. (2) Lactic acid production is inhibited by a low pH [Kerly & 
Bonzoni, 1933], 

The solution used for the preliminary soaking is brought to the re- 
quired pH with bicarbonate-CO a buffer. The C0 2 mixture used for 
bubbling through the solution is the same as is used for filling the 
chambers of the volumeter. The range of pH required is 6-9. The con- 
centrations of bicarbonate and C0 2 required are calculated from the 
following equilibrium relations: 


[CO.J 

[H.ccy 


= 700 


[H+nHCO,-] 

[H,CO,] 


= 2x10-4. 


The solubility coefficient of C0 2 = 1. 
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An isotonic solution of sodium bicarbonate is prepared and the 
calculated quantity added to Ringer's solution. Hot more than 40% 
of the soaking mixture must be isotonic bicarbonate or the muscle 
develops spontaneous twitching: thus to work at pH 10 it is necessary 
to use only 0-04% CO,. 

At a given pH it is desirable, for the following reasons, to buffer with high concentrations 
both of bicarbonate and CO, . (1) With a very small percentage of CO, there is a danger of 
the supply of CO, in the chamber being exhausted. A muscle at pH G with orygen uptake 
inhibited develops irreversible a lkalin e changes on stimulation, and about 1 nun.’ CO, is 
absorbed following a 6 sec. tetanus. The volume of each bulb of the volumeter is 5 c.c. 

five runs are taken the gas mixture must not contain less than about 0- 1 % CO, . (2) When 
an equivalent X of acid is suddenly liberated in the muscle fX of H,CO, is formed im- 
mediately. The rate at which CO, is liberated will be proportional initially to fX. The 
ctton / is less than, but approaches, unity as the efficiency of buffering increases. A 
^ ’im.ilir argument applies to an alkaline change. It can be shown that in the range of buffer 
matures that are practically available at pH 6 the value off may rise from 0-4 (for 1% 
4 to o 9S (for 50% CO,). In conjunction with this it is important to consider the rate 
m f f ™T'l ^A-O, vx HjO - CO, . The concentration of carbonic anhydrase in frog’s 
me e is _~3 % of that in blood and the reaction in either direction is therefore 90 % 
^ ^ P cte in a few seconds. Provided the buffering is sufficiently good, there will only be 
cent ^ C ° n< k translation of a pH change into an equivalent change in CO, con- 


Results 

(1) pH 9 with normal oxygen consumption. 

(2) pH 6-<-5 with normal oxygen consumption. 

(3) pH 6 with oxygen consumption completely inhibited by cyanide. 
cyanide^ 1 6 & ^’ 5 Trifch 0X 7g en consumption completely inhibited by 

sodim^rid' 5 ' 8 ' 5 ^ 0Sygen consmn ption partially inhibited by 


(1) pH 9 icith normal oxygen consumption 

panti,,!^ 9 ^ ere ^ practicaU y no development of alkalinity accom- 
there if , rMkdown of pbosphocreatine. Following a tetanus of 6 sec. 
29-30 & abaor P W of gas which is not complete for 

an active Ig , 1 -' Tke ex P lanation is that the respiratory quotient of 
oxvgen ab “!f ® “ °' 9 [Gemmffl ’ 193i 3 and therefore the volume of 
Produced But 18 tban tb * volume of CO, 

ditiorLMt'ha/v,^ 2 h \°' Wn consura Ption under the same con- 

consistent withTv T /c & magnitude of change observed is 
nt Wth value of the respiratory quotient 
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1/6 mm. 3 
Volumo dccre-i-c 


inimilo* 

10 12 ', 4 'f 1 


■n 24 26 2,6 

18 20 2- 2 ? r L. 


. , o, movement g- 

ta „ ntmo.I.l»t. ot «n» “ d “v 1 

80 mg. Total volume decrease fc mm. 


I 0-7 mm. V 


ininuiei 

20 2,4 28 ¥_J£_ 


52 56 


2 A, record, of raoVomo n t i ^^p°{^^ r ^nd 0 C!Oi^prmluction^by n suttrortio n of «"• 
' correction for Weight of muscle 100 mg. 

in riff> ■*-/ 1 
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(2) pH 6-7-5 with normal oxygen consumption 

The cnrve followed by the index drop after a 3 sec. tetanus is shown 
m Fig. 2. The absolute height of the alkaline peak is dependent upon 
the initial pH since it is partly due to hydrolysis of phosphocreatine. 
The early rate of absorption is so rapid that the initial heat expansion is 
completely obscured. Resynthesis of phosphocreatine is slow and the 
index drop does not finally come to rest for 30—40 min. The final dis- 
placement of the base line is determined by the respiratory quotient. 

To obtain the time course of change of pH the following corrections 
must be made: (1) For heat production of the muscle. (2) For diffusion 
°f CO, in the muscle. (3) For the combined effects of utilization of oxygen 
and production of C0 2 . The corrections (1) and (2) are made in a manner 
escnbed in a previous paper [Hill, 1940a] and correction (3) is effected 

Y subtracting the curve shown in Fig. 1 after scaling for equal final 
maxima. The results of this analysis is also shown in Fig. 2. The curve 

presents the balance between two processes, the breakdown and re- 
synthesis of phosphocreatine. At the plateau the rates of the two 
Processes are equal. The next experiment gives a better indication of the 
^. 0 , 7 - k refl kdown since the complication due to resynthesis is 

foil! 11 Pa ? the aerobic resynthesis of phosphocreatine has been 
tained 6 \t 7 '' bemical methods, but no exact time course has been ob- 
used Aeither volume change methods nor the glass electrode can be 
measuring Wlth adec l uate oxygen supply. Yon Muralt [1934] 

PhosrPm g iT' trans P arenc 7 changes in muscle was able to follow 
He W Tw 6 "T?"* ^ S mU£cle supplied with oxygen. 

h 5 ^ Z?," ““ Iei7 " theSb * 2 «»■ is 

Would v, • mm ' ^ a ^mperature coefficient of 2-5 for 10° C this 
*onld be m agreement with the results obtained here. 

(3) pH 6 with oxygen consumption completely inhibited 

“hnced mmcHlinHb ttb ^ Ia ° tic acid P roducfci< m in 

«« fa t!ie medi,m *» yH 6- It rriU be 

Waked in , A ."“‘i 1 "' mnsole rvhioh has been 

V this m *r p ‘St 3 ’L 

objectionable effects ns ■ . - , 1156 0p mdoacetic acid because the 

U “"’ S ,Cti01 ‘ *“ voided. A 

^present: resynthesis of nhoenh ~ damage provided oxygen 

7 f Phosphocreatme occurs normally as shown in (2). 

31—2 
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The oxygen uptake is inhibited by soaking for 1 hr. in Einger s 
solution containing ilf/1000 sodium cyanide. Fig. 3 shows the result of a 
3 sec. tetanus. It is seen that there is neither production of lactic acid 
nor resynthesis of phosphocreatine. The analysis in this case simply 
consists in correction for diffusion and for the initial heat production. 
The diffusion constant used here and in (2) is derived from the 
found by Wright [1934] for frog’s muscle at 22° C. by allowing a 1% 
decrease per 1° C. fall in temperature. In Krogh’s unite the diffusion 



constant at 0° C. is 5-3 x 1(H. The calculated curve for mstantaneo 
disappearance of C0 2 is also shown in Fig. 3. It has not been oun 
possible to obtain this control curve experimentally. The nearest approa 
that can be made is by stimulating the muscle under the same conditions 
but at a much higher temperature. The curve resulting from a i sec. 
tetanus at 16-3° C. is also shown in Fig. 3. It was with the same muse e 
as had been used at 0° C. For comparison with the calculated curve > t e 
abscissae are multiplied by the ratio of the diffusion constants at lb- 
and 0° C. The result shows that there will be no gross error from using tne 
calculated curve for the analysis. 
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The curve corrected for diffusion is shown in Fig. 4. There appears to 
be a sudden alkaline change during activity followed by a slower change 
which is not complete for more than 10 min. It is probable that the 
curve gives the time course of phosphocreatine breakdown. Lundsgaard 
[1934] has shown that a certain fraction of phosphocreatine breakdown 
occurs after the relaxation, and the alkalinity phase which Dubuissou 
[1939] attributes to the same cause occurs after the relaxation. 



Rg. 4. Time course of the alkaline change following 0-2 min. tetanus. The conditions are 
such that oxygen consumption and lactic acid production are inhibited. 

There is a marked resemblance between the analysed curve of Fig. 4 
and the curve of anaerobic delayed heat production for a late member of 
a series under “alactacid” conditions [Hill, 1940b]. Both curves are 
half complete in about 1 min. It was suggested that the early stages of 
the anaerobic delayed heat accompanied the breakdown of phospho- 
creatine. 


(4) pH 6-5-8 -d with oxygen consumption completely inhibited' by cyanide 

In this range of pH lactic acid production is not inhibited. To lessen, 
ut not to abolish, the effect due to breakdown of phosphocreatine a 
?H of 7 is chosen and the effect of stimulation is shown in Bigs. 5 and 6. 

ere is first a heat expansion (at this pH it is not obscured by the con- 
comitant alkaline change): next an absorption of CO, which starts 
a P* y soon slows up and then reverses. The curve recrosses the 
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Fig. 6. Early stages of CO, exchange following 0-2 min. tetanus of muscle at pH 7 with 
oxygen consumption completely inhibited by cyanide. 



Fig. 6. CO, exohange following tetanus of muscle with oxygen uptake completely inhibited 
by cyanide. A , complete record at pH 7 ; the early stages are shown on a larger scale 
in Fig. 5. B, complete record at pH 8-5. A and B are both at 0° C. with 0-2 min. 
tetanus. G, at pH 7-5, 17° C. following a 1 sec. tetanus. 
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base lice at about 5 min. and tbe output of C0 2 then continues for more 
than 1 hr. At pH 8-5 there is no change of pH due to breakdown of 
phosphoereatine: fclie initial heat expansion in that case is followe y a 
return toward the base line as the heat is dissipated, but the aci lty 
reversal supervenes before the base line is crossed. 

There can be little doubt that the prolonged acidity expansion is due 
to lactic acid formation. It is impossible to say exactly where this phase 
commences owing to the complication, in the early stages, due to the 
heat expansion and phosphoereatine breakdown. There would be no 
advantage in correcting the curve for diffusion, since only the earl} part 
where rapid changes are occurring would be materially affected and it is 
this region which has doubtful significance owing to summation of 
coincident changes. 

The same experiment at 17° C. The form of the curve is the same as 
at 0° 0 . but with the time axis dimini shed (Tig. 6). For the same total 
lactic acid production the rate of formation at any time is about 5 times 
greater at the higher temperature. 

The time course of lactic acid production has not previously been 
studied at 0° C. At room, temperature the subject has been tackled by 
various methods: (1) chemical analysis [Lehnartz, 1931; Meyerhof, 
1931a, b, c; Lundsgaard, 1931]; (2) volume change [Meyerhof, 1934]; 
(3) light transmission [Von Muralt, 1934] ; (4) glass electrode [Dubuisson, 
1937, 1939; Dubuisson & Schulz, 1938]. None of these methods, however, 
has been capable of determining the time course accurately. Dubuisson, 
for example, has stated nothing more explicit than that the acidity 
change is complete "within a few seconds” after contraction. 

(5) pH 6-5~8-5 with oxygen consumption partially inhibited by azide 

Activity oxygen consumption can be inhibited to any extent desired 
by poisoning with the appropriate concentration of sodium azide [ Hill 
1940a], It was therefore anticipated that progressive application of 
azide to a muscle at pH 7 should result in a continuous change from the 
aerobic type of curve (Fig. 2) to the anaerobic type of curve (Fig. 6). 
This proved not to be the case. The results using 3 sec. tetani are shown 
in Fig. 7. The azide concentration was increased from M /50,000 to 
M/4000 (with M/4000 the activity oxygen consumption is practically 
abolished). With M/50,000 azide the aerobic type of curve was obtained 
showing a slow resynthesis of phosphoereatine. As the concentration of 
azide was increased the only change observed was a decrease in the rate 
of resynthesis. Even with M/4000 azide the lactic acid phase was 
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completely absent. The addition of cyanide restored the ability to form 
lactic acid. 

Recovery oxidation can, therefore, be completely stopped and yet 
no lactic acid is formed when the muscle is stimulated for 3 sec. A 
possible explanation might be that resting oxygen consumption (which 
is not abolished by azide [Stannard, 1939] is sufficient to destroy lactic 
acid or its precursors as fast as they are formed. If this is the case an 
increase in the duration of stimulus should raise the rate of production 



Pig. 7. Carbon dioxide exchange of muscles with oxygen consumption partly inhibited by 
azide. pH 7. 0 05 min. tetanus. A, Mf 60,000 azide; B, U/30,000 azide; 0, ilf/15,000 
azide; D, Jl/4000 azide. Compare E, oxygen consumption completely inhibited by 
ilf/1000 cyanide. Even with M/4000 azide there is no laotio aoid production following 
a 0 05 min. tetanus. 

of lactic acid (or its precursors) to a level at which the small resting 
oxygen consumption is incapable of maintaining a steady state. Lactic 
acid would then have to accumulate. A muscle, treated with ffiT/4000 
azide was stimulated for 3, 12 and 36 sec. with intermediate soaking at 
room temperature to hasten the later stages of recovery. The early stages 
of the resulting curves are shown in Fig. 8. After a 3 sec. tetanus there 
is no progressive lactic acid formation: with a 12 sec. tetanus the lactic 
acid phase appears, the curve crossing the base line at about 10 min.: 
with a 36 sec. tetanus the curve crosses the base hne at 4 min. and is 
now similar to that obtained when oxygen consumption is completely 
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abolished by cyanide. In the last case the effect of the residual resting 
oxidation is negligible, the rate of production of lactic acid having been 
raised overwhelmingly. 



Kg. 8. Effect of changing duration of tetanus with muscle poisoned by .31/4000 azide. 
A, 3 sec. tetanus; B, 12 sec. tetanus; C, 36 sec. tetanus. 0° C., pH 7. 


Discussion 

It has long been known that, in a muscle fully supplied with oxygen, 
there is no lactic acid formation following a short tetanus. This fact was 
frequently used as evidence for the theory that lactic acid is the substrate 
normally oxidized in a stimulated aerobic muscle. Other theories notv 
hold sway but it is interesting to observe that the results of this paper 
militate against the older view. The argument is as follows. It has been 
seen in a previous paper [Hill, 1940a] that the rate of oxygen consumption 
following a short tetanus is at a maximum near the beginning of recovery 
and declines approximately exponentially. In other words, the activated 
substrate which is oxidized is formed rapidly during, or closely after, 
the contraction. On the other hand, lactic acid is formed extremely 
slowly. There is no possibility, therefore, that lactic acid is identical with 
ue substrate normally oxidized in aerobic activity. 

The conclusion must be that the formation of lactic acid occurs along 
a ranch reaction which is independent of the main channel of oxidation, 
his is in harmony with present views on the chemistry of muscle. 
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It should not be inferred that lactic acid or its precursors cannot be 
oxidized. On the contrary, there is no reason to suppose that the re- 
actions tending to the formation of lactic acid are not pressing forward 
even when oxidative recovery is permitted and the non-appearance of 
lactic acid must be due to oxidation of lactic acid or its precursors at the 
rate of formation. This subsidiary oxidation must be partly via cyto- 
chrome (for inhibition of cytochrome greatly facilitates the production 
of lactic acid) and partly via another respiratory enzyme refractory to 
the poisoning action of sodium azide. This latter system iB capable of 
destroying lactic acid (or its precursors) at the rate at which it is formed 
following a 3 sec. tetanus at 0° C. but cannot restrain the accumulation 
of lactic acid after a longer tetanus. Comparison with the results of a 
previous paper [Hill, 1940 a] shows that anaerobic recovery with lactic 
acid formation is considerably slower than aerobic recovery under the 
same conditions. The oxidation system concerned with prevention of 
lactic acid formation is thus presumably of minor importance. It should 
be considered as a mechanism for disposing of the end-products from 
non-oxidative recovery reactions. When oxygen is present these recovery 
processes are assisted by the more rapid ones which are primarily 
dependent on the progress of an oxidative reaction. 

Summary 

1. Changes in pH of stimulated frog’s muscle are followed by the 
method of carbon dioxide exchange using a differential volumeter. 

2. The muscle is supported in the gas space and it is possible to make 
the necessary corrections for diffusion and so obtain the time course of 
pH changes following a single short tetanus. Greater accuracy in this 
respect is attained by working at 0° C. and so slowing the metabolic 
processes. Changes of pH during the tetanus cannot be followed by this 
method. 

3. When oxygen usage is permitted or in other circumstances when 
lactic acid is not formed (e.g. anaerobically at pH 6) alkaline changes 
only are observed. These accompany the breakdown and resynthesis of 
phosphocreatine and the time courses of these processes can be deduced. 

4. At pH 7 with oxygen uptake inhibited by cyanide the production 
of lactic acid is not complete for more than 1 hr. It is half complete m 
about 15 min. 

5. When the activity oxygen uptake is inhibited by sodium azide 
(tbe resting oxygen uptake being unaffected) the time course of formation 
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of lactic acid is dependent upon the duration of tetanus. If the latter is 
reduced below a critical value no lactic acid is formed. The significance 
of this is discussed. 
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SLOW VAGINAL POTENTIALS 
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A number of workers have described slow potential changes occurring 
simultaneously .with the contractions of unstriped muscle [Alvarez, 
1922], [Alvarez & Mahoney, 1922], [Berkson, Baldes & Alvarez, 1932], 
[Fimke, 1921], Such potentials are especially liable to include artefacts 
due to movement at or near the [unction between tissues and electrodes. 
Bozler [1939] has recently concluded that the slow potentials observed 
by himself when using thread electrodes for intestinal contractions were 
artefacts of this type. It seems of importance to establish the existence 
of these slow potentials under conditions as far as possible free from 
artefacts, and we have found vaginal potentials on rabbits especially 
suitable for such studies since they can be examined without any surgical 
interference or exposure of tissues normally covered by skin. We have 
therefore made tests of this question by taking serial radiographs of 
vaginal contractions simultaneously with potential measurements, using 
electrodes in a number of different sites. 

Method 

Adult rabbits were used in various stages of the pregnanoy cycle, with dial anaesthesia- 
The methods were similar to those described previously [Bourdillon, 1939], except that a 
cathode ray oscillograph was used instead of a galvanometer. The electrode wires led to tho 
paraphase input stage. Tommies type [Matthews, 193S], of a four-stage direct coupled 
amplifier. One electrode was earthed, all (low tension) wires to the X-ray plant were 
wrapped with earthed aluminium foil, and the amplifier enclosed in earthed steel boxes. 
With these precautions the 60 cycles interference during the X-ray exposures was reduced 
to 1/10 mV. as seen in Fig. 6, or sometimes even less. 

Badiography. The radiographs were taken with a Victor portable 60 kV. 10 mA. unit 
on Ilford X-ray paper, whioh was used in rolls of 100 ft. x 4} in. An anterior intensifying 
screen was used in a camera constructed so that the manual movement of a lever released 
a pressure plate, moved on the paper, and reapplied pressure to the paper at a rate per- 
mitting exposures of j— 1 sec. to be made at intervals of about 3 sec. We are greatly in- 
debted to Dr Schuster for the design and construction of this camera and of the one used 
for recording potentials. In all tests the vagina was partly or wholly filled with about 
16 c.o. of saline (NaCl 8 g., KC1 0-42 g., dist. H,0 1 1.) containing barium sulphate and 



SLOW VAGINAL POTENTIALS 


481 


gum arabic. This was introduced by a catheter round which the outermost part, of the 
vaginal canal was tied so as to prevent extrusion of fluid during contractions. 

Eltdrodts. In series A the electrodes consisted of a no. 10 catheter in the vagina and 
a glass tube of 4-6 mm. bore with an open end held in contact with the skin. In series B 
and C both electrodes were glass tubes held on the skin. The catheter or glass tubes were 
full of saline and led to AgCl-Ag electrodes. In Eeries D wire electrodes were used as 
shown in Fig. 7. 

Results 

Senes A. One vaginal electrode (catheter) and one glass tube electrode 
on the skin of the thigh, or substemally. 

PI I, fig. 1 shows a radiograph (no. 10) taken at the moment of 
maximum negativity of the vaginal potential curve shown in Fig. 2. 

e catheter electrode can he seen extending from the right-hand side 
mto the vagina for about 8 cm. The catheter orifice appears as a dark area 
immediately to the right of a solid plug of barium sulphate (white) which 
a been cemented into the tip of the catheter. Directly above the 
cat eter orifice is a dark shadow between two balloon-shaped portions 
t e \ agina to the right and left. This dark shadow represents a con- 
chon wave just passing the catheter orifice from left to right. Above 
6 vagina various parts of the uterus are visible owing to barium which 
passe through the uterine aperture. Fig. 3 shows outline-drawings of 
e ra ographs taken during this potential wave. The exact time and 
ara on of exposure of each radiograph is shown on the potential curve 
$ lg R / hj . horizontal black lines at the top and bottom of the record. 

« (vaginal potential normal) shows the vagina well dilated opposite 
tin °T 6ter 0rifice ’ though a contraction wave has reached the catheter 
P- no. 9 the potential is one-third of the way down, and the con- 
J°V VaVe 13 i nst reaching the catheter orifice. In no. 10 (the radio- 
and (hi °? m !' lg ‘ tbe contTaction vrave is just passing the catheter 
is risinu 18 at ma2dmum negativity . In nos. 11-13 the potential 

shows nf 11 + contraction is moving farther beyond the orifice. No. 14 

of the 12 P 0SitiTity ° f P0tentlal and maximal relaxation 

he rapna as shown by the bulge below the catheter orifice. 

very chffemntT^tb 1801 beWeei1 ccmt ractions and potentials is 
ZZ7 a l f 7 reSUltS ^ cb ™ld ^ ejected from 

passage of li^d 777 ™*! “ streamin g Potentials caused by the 

the P i2rtta P tThe n 7^7 ^ b — -lade 

than in the mulct 7 ^ anse m the ™gmal epithehum rather 

epithet on Th ' "S 7 7™* " ^ CaGsed * ***** of the 
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A number of workers have described slow potential changes occurring 
simultaneously .with the contractions of unstriped muscle [Alvarez, 
1922], [Alvarez & Mahoney, 1922], [Berkson, Baldes & Alvarez, 1932], 
[Funke, 1921]. Such potentials are especially liable to include artefacts 
due to movement at or near the junction between tissues and electrodes. 
Bozler [1939] has recently concluded that the slow potentials observed 
by himself when using thread electrodes for intestinal contractions were 
artefacts of this type. It seems of importance to establish the existence 
of these slow potentials under conditions as far as possible free from 
artefacts, and we have found vaginal potentials on rabbits especially 
suitable for such studies since they can be examined without any surgical 
interference or exposure of tissues normally covered by skin. We have 
therefore made tests of this question by taking serial radiographs of 
vaginal contractions simultaneously with potential measurements, using 
electrodes in a number of different sites. 

Method 

Adult rabbits wore used in various stages of the pregnanoy cycle, with dial anaesthesia. 
The methods were similar to those described previously [Bourdillon, 1939], except that a 
cathode ray oscillograph was used instead of a galvanometer. The electrode wires led to the 
paraphaso input stage, Toennies type [Matthews, 1938], of a four-stage direct coupled 
amplifier. One electrode was earthed, all (low tension) wires to the X-ray plant were 
wrapped with earthed aluminium foil, and the amplifier enclosed in earthed steel boxes. 
With these precautions the 50 oycles interference during the X-ray exposures was reduced 
to 1/10 mV. as seen in Fig. G, or sometimes even less. 

Radiography. The radiographs were taken with a Victor portable 60 kV. 10 mA. unit 
on Ilford X-ray paper, which was used in rolls of 100 ft, x in. An anterior intensifying 
screen was used in a camera constructed so that the manual movement of a lever released 
a pressure plate, moved on the paper, and reapplied pressure to the paper at a rate per- 
mitting exposures of J-l seo. to be made at intervals of about 3 seo. We are greatly in- 
debted to Dr Schuster for the design and construction of this camera and of the one used 
for recording potentials. In all tests the vagina was partly or wholly filled with about 
15 o.o. of saline (Nad 9 g., KC1 0-42 g„ dist. B,0 I I.) containing barium sulphate and 
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pun Arabic. This wn s introduced by a catheter round which the outermost part of the 
vaginal canal was tied so as to prevent extrusion of fluid during contractions. 

Ekdrcrfzs. In series A the electrodes consisted of a no. 20 catheter in the vagina and 
a glass tube of Ad mm. bore with an open end held in contact with the skin. In series IB 
and C both electrodes were glass tubes held on the skin. The catheter or glass tubes were 
fan of saline and led to AgCl-Ag electrodes. In series D wire electrodes were used as 
shown in Fig. 7. 

Results 

Series A. One vaginal electrode (catheter) and one glass tube electrode 
on the skin of the thigh, or substemally. 

PL I, fig. 1 shows a radiograph (no. 10} taken at the moment of 
maximum negativity of the vaginal potential enrve shown in Pig. 2. 
The catheter electrode can be seen extending from the right-hand side 
into the vagina for about 8 cm. The catheter orifice appears as a dark area 
immediately to the right of a solid plug of barium sulphate (white) which 
had been cemented into the tip of the catheter. Directly above the 
catheter orifice is a dark shadow between two balloon-shaped portions 
of the vagina to the right and left. This dark shadow represents a con- 
traction wave just passing the catheter orifice from left to right. Above 
the vagina various parts of the uterus are risible owing to barium which 
passed through the uterine aperture. Fig. 3 shows outline-drawings of 
the radiographs taken during this potential wave. The exact time and 
duration of exposure of each radiograph is shown on the potential curve 
(Fig. 2) by horizontal black lines at the top and bottom of the record. 

8 (vaginal potential normal) shows the vagina well dilated opposite 
the catheter orifice, although a contraction wave has reached the catheter 
tip. In no. 9 the potential is one-third of the way down, and the con- 
traction wave is just reaching the catheter orifice. In no. 10 (the radio- 
graph shown in Fig. 1) the contraction wave is just- passing the catheter 
and the potential is at maximum negativity. In nos. 11-13 the potential 
is rising and the contraction is moving farther beyond the orifice. No. 14 
shows almost maximal positivity of potential and maximal relaxation 
of the vagina as shown by the bulge below the catheter orifice. 

The close synchronism shown between contractions and potentials is 
very different from the irregular results which would be expected from 
movement artefacts, or even from streaming potentials caused by the 
passage of liquid past the catheter orifice. It does not however exclude 
the possibility that the potentials arise in the vaginal epithelium rather 
than in the muscle, and are influenced or even caused by friction of the 
epithelium on the catheter Accordingly further tests were made as 
follows without any electrode in the vagina. 
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Series B. One substernal electrode and one on tlie abdominal a kin 
about i in. proximal to the symphysis pubis. 

PI. II, fig. 4 shows a radiograph (no. 58) taken at the moment of 
maximum negativity of the first potential wave shown in fig. 5. The 
lower end of the glass tube which acts as the abdominal electrode is seen 
at E. A contraction wave is seen below and to the right of this electrode. 
Pig. 6 shows outline drawings of a series of radiographs taken during 
the two potential waves shown in Fig. 5. In series of this type using an 
extra-abdominal electrode we have often found that the moment of 
maximum negativity is slightly before or after the moment of passage 
of the contraction wave under the electrode. Any non-uniform resistance 
of tissues could cause this, and we believe it is due to the intervention of a 
pad of fat which is commonly found ventral to the inner end of the vagina 
in pregnant rabbits, and extends for varying distances towards the 
symphysis. This fat can evidently cause the electrical path of least 
resistance between a fixed point on the abdominal skin and the. vagina 
to be inclined at an angle to the perpendicular. In Fig- 6 the apparent 
line of least resistance is shown by the arrows. These are drawn at the 
same angle in each sketch. If the angle differed erratically between the 
different radiographs of any one series of potential waves, such variation 
would provide a powerful argument against the correlation of potential 
waves with contractions. In our experiment, however, these angles 
have been constant for any one rabbit, unless the active electrode was 
moved. 

Results of the above type have been obtained in numerous rabbits, 
and show that the slow negative potentials associated with the con- 
traction are not dependent on the use of an internal electrode. Visual 
observation and tests made by manual movement of the abdomen show 
that the potentials are not due to obvious movement of the skin at the 
abdominal electrode. It might however be argued that the pressure 
under this rigidly held electrode must vary considerably during 'the 
passage of a vaginal contraction wave, and that the observed potentials 
might be due to such pressure changes. To test this a trial was made as 
follows: 

Senes G. One substernal electrode, and one over the hamstring and 
adductor muscles of thigh. 

The left thigh was firmly held between the electrode and one side of 
the tray supporting the rabbit. Hence no movement of the thigh was 
visible even in the more vigorous contractions where appreciable move- 
ment of the abdomen was seen. 
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corded from a metallic electrode in contact with a moving muscle must 
be open to grave suspicion of being influenced by artefacts. It is possible 
that Fig. 8 is so influenced, but we' are inclined to tbink that the major 



Fig. 7. Arrangement of apparatus for recording potentials from isolated vagina. A,mioro- 
eleotrode of 42 B.w.a. enamelled copper -wire; end immersed in a ball of insulating 
cement; insulation removed for 1/16 in. from section near end and wire silvered. 
Inserted just within the serous coat of the vaginal wall parallel with the longitudinal 
fibres. B, electrode of oblorided silver wire, A and B connected to input side of 
amplifier. C, layer of medioinal paraffin floating on tyrode solution D. E, copper 
band heated by gas flame maintaining temperature near 38° C. 

features of the two waves shown do represent genuine changes in the 
potential of the contracting portion of the vaginal muscle (or changes m 
the ionic content of the muscle electrolyte). 
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fig. 5. Potcnrial recorebxl from isolated vagina. Downward movement of the line 

radicates increased nezativitv of the vazinal electrode. The long horizontal black lines 
at the top and bottom of the record indicate the period of masimal visible contraction 
at the electrode. Time marks at 1 sec. intervals. 


Discussion. 

In series A. B and C we have obtained some 182 radiographs shotting 
good correspondence ttith seventy-four potential craves in a number of 
different rabbits. When considered together we think the above experi- 
ments give strong support to the view that the slotv potential changes 
recorded are not artefacts. The chief artefacts that tend to arise in snch 
experiments with saline electrode leads have been avoided as follows : 

(1) 3Iovement of partly dried peritoneum or other internal tissue 
surface. In tests of type A. B and C no surgical interference has occurred 
(except a stitch round the labia in A and B). and no internal surfaces 
are exposed. 

(2) Movement of skin in contact with the electrode. This could onlv 
ha\ e occurred in series B and C. Careful observation showed that such 
movement was not visible in the vast majority of the tests and that small 
movement made by hard tended to cause potential changes smaller 
than those recorded during contractions. 


32 
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(3) Changes of pressure under the electrode. Such changes must 
have occurred in series A and B, but cannot have occurred to any appreci- 
able extent in C when leading off the thigh. 

The results in series D from the isolated vagina have not been fully 
confirmed, but are shown since the large values recorded under paraffin 
are such as might be expected from unstriped muscle with the con- 
tracted portion in a state of partial insulation from its surroundings. 

Summary. 

Simultaneous radiographs and potential records have been taken 
showing contractions of the vagina in rabbits. Close synchronism of 
contraction and potential fall have been obtained with the active electrode 
in the vagina, or on the skin of the abdomen, or on the thigh. 

Some potential curves are shown from a silver electrode in an isolated 
vagina contracting in paraffin. These show a maximum negativity ex- 
ceeding 34 mV. 

The above data are considered as tending to confirm the theory that 
contraction waves in unstriped muscle are accompanied by negative 
potential waves lasting for a number of seconds. 
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EXPLANATION OF PLATES I AND II 


Plate I 

Fig. 1. Radiograph of vagina and catheter electrode at the moment indicated by the 
number 10 in Figs. 2 and 3. Barium in the vagina appears grey. 

Fig. 2. Potential wave between vagina and Bkin of rabbit. In this and Fig. 5 the horizontal 
black lines at the top and bottom of the record show the occurrence and duration of 
X-ray exposures (the numbers referring to the corresponding drawings in Figs. 3 and 6). 
Time marks are at £ see. intervals, and downward movement of the line indicates 
increased negativity of the vagina. 

Fig. 3. Outline drawings of radiographs taken daring the potential wave shown in Fig. 2. 
In this and Fig. 6 the cross shading indicates the barium sulphate in saline which 
filled the vagina. 

Plate II 


Fig 4. Radiograph of vagina at moment indicated by the no. 58 in Figs. 5 and 0. 

Fig 5. Potential waves between substemal and abdominal skin of rabbit. 

Fig 6 Outline drawings of radiographs taken during the potential waves shown in Fig. 5. 
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The colon of the rat under urethane anaesthesia can absorb only 
negligible amounts of monosaccharides [Davidson & Garry, 1939], In 
view of the rather unexpected nature of this result, we decided to 
investigate the powers of the colon to absorb other substances, in 
particular water. Moreover, we wished to make sure that the colonic 

oops m such rats had still an active circulation and that absorption was 
therefore possible. r 

Three methods of attack were chosen. In the first place, since sugars 
e no a sor ed from the colon, the variation of concentration of sugar 
a closed loop of cobn will give an indication of the movement of water 
nto or out of the loop. Secondly, a non-absorbable indicator will reveal 

sinlTfl Tf C ° nCeatrafcion of contents of the loop in 
gatot e t S T "** by * number of invest! 

small intestine by nJSl'Tn 0 ” “ °‘ se of tle 

“SS2-T ”rs, ven4r ' 

membran ?Te th T ^ * dama ^ the mucous 

gWeo4hJ t r V mtr ° dUCed “ ^ dtber 

the actual volume of solution in the col ° + + 1 ^ ^ SS ma< ^ e 40 measure 
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Methods 

Rats were given water but no food for 48 hr. and were then anaes- 
thetized with urethane given subcutaneously in a dose of 1*6 mg./g. 
body weight. One hour later the abdomen was opened by a mid-line 
Incision and the lower end of the ileum was tied off. An opening was made 
into the tip of the caecum and into the colon at its junction with the 
caecum. Colon and caecum were then washed out with Ringer’s solution 
at 38° C. Thereafter a purse-string suture was inserted round the anus 
and tightened on a small glass cannula. A second cannula was inserted 
into the proximal end of the colon and all traces of Ringer’s solution 
washed out of the colon with a stream of fluid containing hyper-, iso- or 
hypotonic sugar solution at 38° C. In the majority of experiments thiB 
sugar solution contained phenol red. The anal cannula was then with- 
drawn and the purse-string suture tightened. The colon was allowed to 
fill with solution, the upper cannula was withdrawn and the opening 
ligatured. In many cases the caecum was similarly washed out and filled 
with sugar solution. The abdomen was closed and the animal left in 
warm surroundings for 90 min. At the end of that time the rat was 
killed, the colonic loop and the caecum were removed, opened and the 
contents drained out. Reducing sugar was estimated by the method of 
Hagedorn and Jensen and phenol red by the colorimetric method of 
Hollander, Penner & Saltzman [1937], 

In the experiments with deuterium oxide the colon alone was used. 
After the colon had been washed out with Ringer the bulk of the residual 
liquid was removed with a few puffs of air. 5 ml. of a 4% solution of 
xylose in water containing approximately 20% D 2 0 were then run 
repeatedly through the colon. The anal suture was tightened and about 
3 ml. of the solution left in the colon which was then tied off as before. 
The remaining 2 ml. were preserved for control estimations of sugar 
and D a O. 

At the end of a given time the animal was killed, the colonic loop 
removed, and the contents drained out. For the deuterium oxide 
estimations portions of about 1 ml. of the fluid under investigation were 
distilled in vacuo at 20° C. into a receiver cooled in a freezing mixture. 
When all the water had passed over, the distillate was allowed to come to 
room temperature and the D 2 0 content was measured in a Pulfnch 
refractometer. Control experiments were carried out to ensure that no 
interfering substances were carried over in the distillation of fluid from 
colonic loops. 
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Results 

In all cases where the original solution was hypertonic (10-0 / 0 ) the 
contents of the colon at the end of 90 min. were much less concentrated. 
Since passage of sugar out of the colon does not occur there must have 
been passage of water into the loop. When phenol red was present as well 
as glucose, the extent to which this indicator was diluted corresponded 
closely to the degree of dilution of the glucose (Table I). 

The opposite effect was seen where the initial glucose solution was 
hypotonic (2-7%), the solution undergoing concentration during the 
90 min. in the colon. The concentration of phenol red rose correspondingly 
(Table I). 

Table L Variations in the concentration of the contents of colonic loop3 in rats under 
urethane anaesthesia in the course of 90 min. The figures given are average values 
obtained from several experiments. 


Glucose concentration 
g./lOO ml. 

A 

Phenol red concentration 
mg./l60 ml. 

A 

r 

Initial 

Final 

' 

r 

Initial 

Final 


c. 


«i' 

<>»’ *'/«»' 

1(H) 

6-5 

0-65 

50 

3-5 0-70 

5-4 

4-8 

0-89 

5-0 

4-3 0-86 

2-7 

3-8 

1-41 

5-0 

7-1 1-42 


Where the initial glucose concentration was 5-4%, the value usually 
considered to be isotonic with ma mmalia n blood (Yerzar & McDougall, 
1936], the concentration within the colon after 90 min. was slightly 
lower, about 4-9 % . This was not due to loss of sugar since the phenol red 
concentration fell to a similar degree (Table I). 

Similar results were obtained with the caecum. 

In the experiments with heavy water, xylose was used as the non- 
absorbable sugar. Xylose behaved in exactly the same way as glucose, 
and the strength of solution neither concentrated nor diluted was found 
to be 4-0% . This, as in the case of glucose, is lower than the concentration 
(4-5%) said to be isotonic with blood. 

Ye therefore used a 4-0% solution of xylose in water containing 
a out 20-0% D.O. The diminution in concentration of D t O due to 
exchange of deuterium atoms with the hydrogen atoms of the hydroxyl 
groups of xylose was negligible. Moreover any rapid exchange of 
u enum atoms with hydrogen atoms present in the colon mucous 
m >rane was allowed for by preliminary repeated passage of the 
^ _ ough the loop. Although measurements of heaw water 
tion by a refractometer are not particularly delicate, yet the 
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concentration changes we observed were so gross that the method was 

perfectly adequate for the purpose. , •> n f 4-0% 

P Tie xylose conceutratiou, originally in tie neighbourhood of 4 0 /., 

remoine4at that level tixongiont tie absorption P«»d 
horn 5 to 90 min. We oan therefore assume tint th total “ 
water in the colon remained constant. Deutenum oarde toppe^ 7 
rapidly from the colon; in 30 min. the butt hod gone and even 
a Le as 0 min. a large proportion had disappeared (Fig. 1). 



Discussion _ 

There can be no doubt that the colonic mUC °^ 8 ^Xent of water 
under the conditions of our experiments allows mass harides . 

in both directions while remaining [DavidBon 

This latter property is lost when the colon is , exchange of 

& Garry, 1939]. Even in the absence of an osmoti gx very 

water moleJes between the blood and the eo^caal** ^ ^ 
rapid. The colonic mucous membrane seems any 

Xent semi-permeable membrane and there ^ ^ ^ 

suspicion that the failure to absorb monosacchand 
mental conditions interfering with the state of the co 
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Summary 

The colon of (he rat under urethane nnnesthcMn, nlthouph im- 
permeable to monosaccharides, is freely permeable in both directions to 
water molecules. 

IFe wi*h to cjqirc*s our thank* to Prof. W. K, K. \Ya nn' -lone* for rujij'U me the 
deuterium oxide nnd to the Camepic Tro*t for the Umvenotn * of Scitlmd for nn txprme* 
grant for thu work. 
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concentration changes we observed were so gross that the method 
perfectly adequate for the purpose. 

The xylose concentration, originally in the neighbourhood of 4- 
remained at that level throughout the absorption period which vi 
from 5 to 90 min. We can therefore assume that the total amoui 
water in the colon remained constant. Deuterium oxide disappeared 
rapidly from the colon ; in 30 min. the bulk had gone, and even in as £ 
a time as 5 min. a large proportion had disappeared (Fig. 1). 



Fig. 1. Decrease in the concentration of heavy water in the contents of colonic loops 1 

anaesthetized rat. 


Discussion 

There can be no doubt that the colonic mucous membrane in 
under the conditions of our experiments allows mass movement of wi 
in both directions while remaining impermeable to monosacchain 
This latter property is lost when the colon is isolated in vitro [David 
& Garry, 1939], Even in the absence of an osmotic gradient, exchang 
water molecules between the blood and the colonic contents was v 
rapid. The colonic mucous membrane seems to act as an extrerc 
efficient semi-permeable membrane and there can no longer be i 
suspicion that the failure to absorb monosaccharides was due to exp 
mental conditions interfering with the state of the colon. 



ADRENALINE AND UTERUS ™ 

It appears, therefore, that there must exist in the guinea-pip uterus 
some mechanism for the production of an adrenaline contraction, and 
that there must also be some unappreciated factor accounting for the 
irregularity of the results obtained. The following observations nro 
concerned with a hitherto undescribed modification of the action of 
adrenaline upon the guinea-pig uterus and a possible factor in adrenaline 
reversal is discussed. 

Methods 

The apparatus used was similar to that described by Pittengcr [1028]. 

A guinea-pig was killed by a blow on the head and exsanguinated. One 
horn of the isolated uterus was suspended in a bath of oxygenated 
Ringer-Locke solution contained in a water-bath which was kept at a 
temperature of 37-5° C. within limits of ±0-1°, The uterine movements 
were recorded by means of an isotonic lever, the tension exerted on the 
uterus by the recording system being about 1 g. In some experiments 
both horns of the uterus were used, the bath of Ringer-Lockc solution 
and the recording lever being duplicated to give two identical but 
independent preparations. The composition of the Ringer-Lockc solution 
was as follows: NaCl 0-9 g., KC1 0-042 g., CaCL 0-024 g., MgCL. 0-00025 g., 
NaHC0 3 0-05 g., dextrose 0-05 g., distilled water to 100 c.c. All the 
chemicals used were of Analytical Reagent standard of purity, and the 
water was double-distilled, the second time in an all-glass still. The 
adrenaline used was the 0-1% solution of adrenaline chloride (Parke 
Davis) in appropriate dilution. Any possible effect of the chlorctonc 
present in this solution as a preservative was excluded by control 
experiments. 

Results 

Most of the experiments were made upon the uteri of sexually 
immature guinea-pigs of from 180 to 250 g. in weight. A uterine born 
from such an animal, when placed in the bath of Ringer-Locke solution 
and attached to the recording lever, relaxed almost completely within a 
few minutes and showed only small to very small spontaneous con- 
tractions. Adrenaline added to the bath to give a concentration of 
etveen 1 in 1 million and 1 in 2 millions caused immediate complete 
relaxation of the uterus and inhibition of spontaneous movement; this 
lasted for 10 or 15 min. after which a slow recovery began. Upon removal 
of the adrenaline solution from the bath and its replacement by fresh 

mger-Locke, the uterus very rapidly regained its former degree of tonus 
and movement. 
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THE ACTION OF ADRENALINE UPON THE 
UTERUS OF THE GUINEA-PIG AND ITS 
MODIFICATION BY ESERINE 

By W. T. AGAR 1 

From the University Laboratory of Physiology, Oxford 
( Received 26 June 1940) 

The effect of adrenaline upon the isolated uterus of the guinea-pig is 
considered by most authors [Sugimoto, 1913; Gunn & Gunn, 1914; and 
many others subsequently] to be inhibition and relaxation whether the 
animal is pregnant or not. Another view which has been put forward is 
that the action of adrenaline on the guinea-pig uterus is reversed, that is, 
changed from inhibition to contraction, during oestrus [Kochmann & 
Seel, 1929], oestrus and late pregnancy [Heller & Holtz, 1932], oestrus, 
early and late pregnancy, but not mid-pregnancy [Holtz & Wollpert, 
1937]. Such results are not in agreement with those of the majority of 
investigators, and, indeed, the tracings published by these authors do 
not present clear-cut evidence of uterine contractions in response to 
adrenaline. 

A number of authors have described a reversal of the action of 
adrenaline upon the guinea-pig uterus after subjecting the uterus to 
various procedures of a nature designed to increase the irritability of the 
uterine muscle. Cow [1919] and McSwiney & Brown [1926] produced 
adrenaline reversal by treating the uterus with posterior pituitary 
extract, but this effect could not be obtained by Athias [1921] or Holtz 
and Wollpert [1937]. McSwiney & Brown also produced reversal by 
leaving the uterus for 1 hr. in cold Ringer-Locke solution. Many authors 
have kept uteri at room temperature or in the ice-chest for much longer 
periods without noticing this change (for instance, Gunn & Gunn [1914]). 
Tate & Clarke [1922] found adrenaline reversal after exposure of the 
guinea-pig uterus to ergot; this result has not been confirmed. 

1 Nuffield Dominion Demonstrator. 
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After the uterus hnd been exposed to the notion of escrine for from 
H to 3 hr. it was observed, in fifteen out of seventeen experiments in 
which sexually immature guinea-pigs were used, that n change hnd 
appeared in the reaction to adrenaline. That, concentration of adrenaline 
which had previously produced prolonged inhibition and relaxation now 
produced inhibition and relaxation followed nfter a varying period 
by a contraction. At its first appearance the contraction was small 
and followed a period of inhibit ion 
lasting G or 8 min. As the exposure 
of the uterus to eserinc was pro- 
longed, the change in the reaction 
to adrenaline became progressively 
more marked until it reached a 
maximum. At this stage a suitable 
concentration of adrenaline (usually 
between 1 in 1 million and 1 in 
2 millions) caused relaxation and 
inhibition of the uterus for 3-5 min. 
followed by a maximal contraction 
which subsided spontaneously after 
5 or more min. (Figs. 1,2). Occasion- 
a y. especially in the more muscular 
nten, the secondary contraction 
persisted for 30 min. or more. Within 
umits, the size of the contraction 
waned with the concentration of 
adrenaline, a smaller concentra- 
te causing a smaller contraction, 
bough the duration of the initial 
Period of relaxation did not vary 
appreciably. The initial phase 0 f ns ociorc. 

8trikklg i? a 8maU de ^ e of bonus was 
acetylcholine before the ad 7 * 6 d ° Se ° f pituifcar y extra ct or 

the bath {Fig - 3) - 

preparations being set no in ^ U - Sed - two identical 

with eserine while the other w TeT at ^ S ’ and 0Qe born was treated 

H 3 hr. flZSSw the lapse of from 

followed by contraction the^tieot’Tl' 4 *1 '•>' relaxation 

relaxation. . ’ '“Seated horn always responded by simple 



Minutes 

Fi S- 3 ' ,P.‘P hasic effect of adrenaline, 1 in 
1-8 millions. The uterus hod been exposed 
to csenno, 1 in 2-8 millions, for 120 min. 
iho initial tonus was produced by addine 
to the bath aeetylcholmo, 1 in 360 millions, 
a fow minutes before the adrenaline, 
signals aa before. 



The solution surrounding the uterus was then changed for Ringer- 
jocke solution to which had been added eserine salicylate in a con- 
centration of 1 part in 1£— 2 millions. Exposure of the uterus to such a 
olution, prolonged often up to 4 or 5 hr., did not appear to have any 
oxic effects. The spontaneous movements of the uterus were either not 



Fig- i. Fig. 2. 

g. 1. Diphasic effect of adren^iu^ 1 in 1*8 millions, after exposure of uterus to eserine, 
1 in 2-8 millions, for 160 min. Single signal, adrenaline added to bath; double signal, 
fresh Ringer-Locke. 

5* 2. Diphasio effect of adrenaline, 1 in 1*3 millions, after exposure of uterus to eserine, 
1 n 1*6 millions, for 160 min. Signals as before. 


«red or else showed a slight increase in amplitude. The response to 
;uitary (posterior lobe) extract (Burroughs Wellcome) was not changed, 
alitatively or quantitatively. The sensitivity of the uterus to acetyl- 
oline was greatly increased, after 20 or 30 min. exposure to eserine the 
jrus usually responded with a large contraction to a concentration of 
jtylcholine of 1 part in 200 millions. Tn the untreated uterus a con- 
itration of from 10 to 40 times this figure was necessary to produce a 
nparable contraction. 
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once occurred, and upon again changing the solution a second "lnvage” 
contraction appeared. 

When a uterus was showing the diphnsic response to ndrenaliue. 
removal of the adrenaline solution during the initial phase of relaxation 
had variable results. Sometimes no contraction followed, sometimes n 
“lavage” contraction immediately appeared. In general, the later 
the adrenaline was removed during the phnsc of relaxation the larger was 
the resulting contraction, when present . That is. removal of the adrenaline 
often precipitated a contraction which would have occurred Inter in the 
presence of the adrenaline. 

Experiments with “ Substance 36”. The “Substance 36” of Acscldi- 
mann k Reinert [1931] is the phcnylmcthyl carbamic ester of 3-hydroxy- 
phenyl-trimethyl-nmmonium methyl sulphnte. It. closely resembles 
prostigrtiine in chemical constitution; both substances, like eserine, 
contain the urethane grouping which is believed to be responsible for 
the inhibition of choline esterase [Stedman k Stcdman. 1932], In three 
experiments both horns of the uterus were set up to form identical 
preparations, one horn was treated with eserine, 1 part in H millions, 
and the other with Substance 36 in the same concentration. In all three 
experiments a diphasic reaction to adrenaline appeared in both horns of 
the uterus without significant difference in the length of exposure 
necessary to produce the reaction or in the nature of the reaction when 
>t appeared. The potentiating effect of Substance 36 upon the response 
to acetylcholine was the same as that of the same concentration of 
eserine. 


Effect of atropine. Atropine hydrochloride in a concentration of 
1 part in 120,000 did not alter within 30 min. the diphasic response of 
the uterus to adrenaline, whether this response had been evoked by 
treating the uterus with eserine or with Substance 36. This concentration 
of atropine abolished within 8 min. the response of the eserinized uterus 
to a concentration of acetylcholine which had previously caused a lar^e 
contraction. c 


Effect ofergotoxin. The effect of ergotoxin on the diphasic response of 
e eserinized uterus to adrenaline was not easy to determine, as exposure 
? e uterus to ergotoxin frequently caused a persistent, nearly maximal 
increase in tonus. In two favourable experiments, in which exposure of 
e esennized uterus to ergotoxin ethane sulphonate in a concentration 
of part in 3 millions, for 8 and 24 min. respectively, caused no more than 
a moderate persistent tonus, it was possible to show that the diphasic 
.ponse of the uterus to adrenaline was not altered. Exposure of the 
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A variant of the diphasic response of the eserinized uterus to 
adrenaline, which was seen in two experiments, was the appearance of 
a contraction only when the adrenaline was removed from contact with 
the uterus. In such a case adrenaline produced only relaxation and 
inhibition, but immediately the solution in the bath was changed a large 
contraction appeared (Fig. 4). Changing the solution never caused a 
contraction in the absence of an antecedent dose of adrenaline. This 



0*5 c.c.adr. 

1 : 10,000 

Fig. 4. “Lavage” contraction on removal of adrenaline, 1 in 1-4 millions, from contaot 
with the uterus. Eserino, 1 in 2*8 millions, for 105 min. Signals as before. 

“lavage” contraction after adrenaline was exactly the same as that 
described by Launoy [1933] as an occasional finding in the guinea-pig 
uterus, especially after exposure to pituitary extract. 

If a second dose of adrenaline was added to the bath during the phase 
of contraction produced by a previous dose of the same size, relaxation 
immediately occurred, though it was not always complete. After 3 or 
4 min. this was followed by a second contraction, that is, the second dose 
of adrenaline caused the repetition of the diphasic phenomenon. This was 
also the case if a second dose of adrenaline was added to the bath during 
a “lavage” contraction following a previous equal dose. Relaxation at 
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and two in late pregnancy. Oestrus was recognized by tbe vaginal smear, 
in two experiments it was induced by injection of oestrogens, in the other 
it was spontaneous. 

All these uteri showed considerably greater spontaneous activity titan 
the infantile uterus. The diocstrous uteri showed small to moderate 
rhythmic contractions, the uteri of oestrus and early pregnancy frequent 
irregular maximal contractions, and the uteri of late pregnancy occasional 
maximal contractions separated by long periods of quiescence. In each 
case the response to adrenaline was relaxation and inhibition, though the 
adult uteri, whatever their physiological state, were considerably less 
sensitive to adrenaline than the infantile uterus. A concentration of 
1 part in 2 millions caused prolonged inhibition and relaxation of the 
latter, from 4 to 8 times this concentration was necessary to produce 
a comparable effect upon the former. The uteri of late pregnancy were 
even less sensitive to adrenaline. A concentration of 1 part in 200,000 
had no discernible effect during a quiescent period of the uterus; after 
a series of rhythmic contractions had been provoked by a small concentra- 
tion of pituitary extract this concentration of ndrcnnline caused only a 
very slight decrease in amplitude and increase in frequency of the 
contractions. 

Prolonged eserinization produced a diphasic response to ndrenalinc 
in two out of the six dioestrous uteri. In the oestrous and pregnant uteri 
ferine did not alter the response to adrenaline. 

Discussion 

It appears from the foregoing results that adrenaline has a twofold 
action on the eserinized uterus of the sexually immature guinea-pig in 
that it causes an immediate inhibition followed by a delayed contraction. 
The initial inhibitory phase shows no discontinuity with the simple 
inhibition obtained in the untreated uterus, and in producing this effect 
adrenaline is no doubt acting upon the receptive substance of muscle 
cells with an inhibitory sympathetic innervation [Langley, 1905], 

The fact that the secondary contraction appears under the influence 
both of eserine and of a prostigmine-like substance which share the 
property of inhibiting choline-esterase, but are otherwise very different 
in chemical constitution, suggests that it is this property which is 
responsible for the altered reaction of the uterus to adrenaline. This 
invites the hypothesis that the secondary adrenaline contraction is due 
to a release of acetylcholine. This hypothesis is consistent with the less 
constant appearance of a secondary adrenaline contraction in conditions 
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uterus of the rabbit to this concentration of ergotoxin abolished within 
5 min. the motor response of that organ to a concentration of adrenaline 
equal to that used in the experiments on the eserinized guinea-pig uterus. 

Effect of nicotine. Nicotine in a concentration of 1 part in 80,000 did 
not alter the diphasic response of the eserinized uterus to adrenaline. 

Effect of potassium. The concentration of potassium chloride in the 
Ringer-Locke solution was 420 mg./l. Doubling this concentration led to 
a small increase in the frequency and amplitude of the spontaneous 
movements of the uterus and a slight increase in tonus ; trebling it caused 
a moderate to submaximal contraction. On restoring the original 
Ringer-Locke the uterus rapidly regained its former state. 

In three out of five experiments in which the uterus was exposed to 
a doubled or trebled concentration of potassium for 20 or 30 min. the 
reaction to adrenaline was seen to be diphasic after restoration of the 
original Ringer-Locke. The diphasic effect appearing after exposure to 
potassium was less well marked than that appearing after eserine, in that 
the secondary contraction was smaller and less abrupt. Exposure of the 
uterus to excess of potassium also markedly increased its sensitivity to 
acetylcholine, though not to the same extent as did eserinization. 

The sensitivity of the uterus to potassium was found to increase 
spontaneously by about 50% on repeated testing in four experiments; 
in one experiment no increase occurred. In four experiments prolonged 
exposure of the uterus to that concentration of eserine which produced 
a diphasic response to adrenaline did not cause any farther increase m 
the sensitivity to potassium. 

Other causes of a diphasic reaction to adrenaline. It was occasionally 
observed that an untreated uterus which had been suspended in the bath 
for a long time showed a small secondary contraction after the initial 
inhibition produced by adrenaline. The uterus in such a case showed 
signs of irritability in increased spontaneous activity and increased 
sensitivity to acetylcholine. 

Cocaine hydrochloride in a concentration of 1 part in 20,000 increased 
the spontaneous activity and tonus of the uterus and slightly increased 
the sensitivity to acetylcholine. In one experiment out of three a 
diphasic response to adrenaline appeared. Cocaine had no influence upon 
the diphasic response to adrenaline appearing after eserinization. 

Experiments on the adult uterus. The effeot of eserine upon the response 
to adrenaline of the dioestrous, oestrous, and pregnant uterus of the 
guinea-pig was studied. Six experiments were made during dioestrus in 
animals of over 350 g. weight, three during oestrus, one in early pregnancy, 
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and two in late pregnancy. Ocstms was recognized by tl\c vaginal smear, 
in two experiments it was induced hv injection of ocstrogens, in the other 
it was spontaneous. 

All these uteri showed considerably greater spontaneous activity than 
the infantile uterus. The dioestrous uteri showed small to moderate 
rhythmic contractions, the uteri of oestrus and early pregnancy frequent 
irregular maximal contractions, and the uteri of late pregnancy occasional 
maximal contractions separated by long periods of quiescence. In each 
case the response to adrenaline was relaxation and inhibition, though the 
adult uteri, whatever their physiological state, were considerably less 
sensitive to adrenaline than the infantile uterus. A concentration of 
1 part in 2 millions caused prolonged inhibition and relaxation of the 
latter, from 4 to 8 times this concentration was necessary to produce 
a comparable effect upon the former. The uteri of Into pregnancy were 
even less sensitive to adrenaline. A concentration of 1 part in 200,000 
had no discernible effect during a quiescent period of the uterus; after 
a series of rhythmic contractions had been provoked by a small concentra- 
tion of pituitary extract this concentration of adrenaline caused only a 
very slight decrease in amplitude and increase in frequency of the 
contractions. 

Prolonged eserinization produced a diphasic response to adrenaline 
in two out of the six dioestrous uteri. In the oestrous and pregnant uteri 
eserine did not alter the response to adrenaline. 

Discussion 

It appears from the foregoing results that adrenaline has a twofold 
action on the eserinized uterus of the sexually immature guinea-pig in 
that it causes an immediate inhibition followed by a delayed contraction. 
The initial inhibitory phase shows no discontinuity with the simple 
inhibition obtained in tbe untreated uterus, and in producing this effect 
adrenaline is no doubt acting upon the receptive substance of muscle 
cells with an inhibitory sympathetic innervation [Langley, 1905]. 

The fact that the secondary contraction appears under the influence 
both of eserine and of a prostigmine-like substance which share the 
property of inhibiting choline-esterase, but are otherwise very different 
in chemical constitution, suggests that it is this property which is 
responsible for the altered reaction of the uterus to adrenaline. This 
invites the hypothesis that the secondary adrenaline contraction is due 
to a release of acetylcholine. This hypothesis is consistent with the less 
constant appearance of a secondary adrenaline contraction in conditions 
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■which lead to irritability of the uterine muscle and consequent greater 
sensitivity to acetylcholine. It is noteworthy that the choline-esterase 
inhibiting drugs have a specific effect in producing the secondary 
adrenaline contraction and an increased sensitivity to acetylcholine 
without increasing the general irritability of the uterine muscle. More 
prolonged eserinization is necessary to produce the diphasic reaction to 
adrenaline than is necessary to cause maximum potentiation of the effect 
of acetylcholine externally applied to the uterus. 

Atropine leaves unaltered the secondary adrenaline contraction 
while abolishing the effect of externally applied acetylcholine. This does 
not necessarily exclude the possibility that the secondary adrenaline 
contraction is due to a liberation of acetylcholine in close propinquity to 
the receptive substance of the reacting cells [Dale & Gaddum, 1930]. 
There is, indeed, evidence that in the bitch atropine does not dimmish 
the contraction produced by stimulating cholinergic nerves to the uterus 
in vivo though it abolishes the effect of injected acetylcholine [Sherif, 
1935]. 

The potassium ion is a possible intermediary between adrenaline and 
acetylcholine. Inhibition of smooth muscle by adrenaline is accompanied 
by increased polarization of the inhibited cells, involving an influx of 
potassium ions [Bacq & Monnier, 1935]. Also, potassium salts cause the 
liberation of acetylcholine in various organs containing cholinergic 
post-ganglionic nerve endings [Feldberg & Guimarais, 1936]. Thus it may 
be postulated that the influx of potassium ions accompanying adrenaline 
inhibition is capable of liberating a minute amount of acetylcholine m 
the neighbourhood of the receptive substance of the muscle cells. This 
amount of acetylcholine is capable of causing a contraction when its 
destruction by choline-esterase is minimized by prolonged eserinization, 
or, occasionally, when the sensitivity to acetycholine has increased as 
part of a general increased irritability of the muscle cell. 

If this hypothesis is correct, it might be expected that an increase 
in the potassium content of the Ringer-Locke solution surrounding the 
uterus could also lead to the liberation of a small quantity of acetyl- 
choline, and that there would thus be a small acetylcholine component 
in the contraction caused by potassium. If this were the case the potas- 
sium contraction should be augmented by prolonged eserinization of the 
uterus. No evidence of any such augmentation was obtained. It might 
well be assumed, however, that the rate of increase in the concentration 
of the potassium ion in close relation to the cell is greater as a result of 
the increased polarization accompanying adrenaline inhibition than is 
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the rate of increase that can he obtained by adding potassium salts to tin 
Ringer-Locke solution. 

The reaction of the ocstrom and pregnant uterus of the guinea-pig 
to adrenaline has always been found to be inbibit ion. E^erine lias no 
effect upon tliis response. It seems to lie impossible to produce the 
diphasic response to adrenaline in uteri showing much spontaneous 
activity; this may be connected with the decreased sensitivity to the 
inhibiting action of adrenaline which these uteri show in comparison to 
the infantile nterus. 

In the experiments here reported it hns invariably been found that 
adrenaline in adequate concentration caused an immediate inhibition of 
the isolated guinea-pig uterus, though under certain conditions a delayed 
contraction followed. The term “adrenaline reversal ’ cannot strictly be 
applied to this modification of the notion of adrenaline. The authors cited 
in the introduction have described adrenaline reversals in which the 
contraction was not preceded by inhibition. If these reversals were of 
the same nature as the diphasic modification described above, it seems 
probable that they were not specific to the various procedures employed 
but were an indirect consequence of an increased irritability of the 
uterine muscle. The inconstancy of the results of different nutbors may 
well be due to the presence of unrecognized irritating factors in the 
physiological salines used. Pittenger [1928] has pointed out how sensitive 
the isolated uterus is to minute amounts of impurities in chemicals or 
distilled water; sodium chloride is particularly apt to be at fault. The 
findings of those earlier workers who believed that the isolated guinea-pig 
uterus was caused to contract by adrenaline may have been due to the 
use of imperfect physiological salines which irritated the uterus. 


Summary 


1. The inhibition and relaxation which adrenaline causes in the 
isolated uterus of the infantile guinea-pig was modified, on prolonged 
treatment of the uterus with eserine, to a diphasic response in which 
inhibition and relaxation was followed by contraction. The same response 
to adrenaline was obtained after treatment of the uterus with a prostig- 
mine-like substance. 


2. A number of procedures which increased the irritability of the 
uterine muscle, and its sensitivity to acetylcholine, inconstantly led to 
the appearance of a diphasic response to adrenaline 

3. The diphasic modification of the action of ‘adrenaline was not 
altered by atropme or ergotoxin. 
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The influence of secretin on gastric secretion. By C. L. G. Piutt. 

From the Department of Physiology, University of Oxford 

Secretin is the specific secretagogue for the pancreas ; it is well known 
also to exert a relatively small effect on the secretion of bile. Similarly, 
bile salts in the circulation excite the liver to secrete bile, and simul- 
taneously induce a slight production of pancreatic juice. Both secretory 
stimulants provoke, in addition, a very small flow of gastric juice in the 
fasting cat. The gastic juice produced by bile, salt stimulation resembles 
“histamine juice” in that it contains little or no enzyme. “Secretin 
juice”, on the other hand, is very rich in pepsin. 

The effect of Becretin on the output of pepsin has been investigated 
in a series of experiments on fasting cats under chloralose anaesthesia. 
Under such conditions the stomach generally does not exhibit spon- 
taneous secretory activity. The subcutaneous injection of 1 mg. histamine 
produces a flow of gastric juice, at first increasing, and then diminishing 
in velocity, lasting about 4 hr. If the stomach is washed out beforehand, 
and the pylorus suitably occluded, samples of gastric juice which do not 
at any time contain a detectable quantity of pepsin may be collected 
throughout this period through a cannula tied into the stomach. 

Pepsin in considerable quantities appears in the juice leaving the 
stomach within 5 min, of the intravenous injection of 0-1 mg. of a secretin 
preparation of such strength that OT mg. induces a flow of 2 c.c. of 
pancreatic juice in 15 min. A concentration of pepsin may be reached 
comparable to that found after the subcutaneous administration of 5 mg. 
acetylcholine, after eserinizing the animal, a flow of juice having been 
first established with histamine. 

The secretin effect is probably due to direct action on the gastric 
glands, for the following reasons: 

(1) The effect can be maintained indefinitely by repeated administra- 
tion of secretin. 
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(2) It is not abolished by atropine. 

(3) The smallest dose which has been observed to activate the pancreas 
likewise causes an output of pepsin. 

(4) The effect is not due to some associated substance in the secretin 
preparation, because it is equally well observed using Agren’s purified 
preparation, ‘which is now commercially available for clinical use. 

(5) An output of pepsin is also observed when a solution of bile salts 
is placed in the duodenum, thus provoking the absorption of the cat’s 
own secretin. 


Physical fitness of pre-adolescent boys of three soci-economic 
levels. (A preliminary study.) By D. Burns and J. Seoker. From 
the Medical School, Newcastle-upon-Tyne, University of Durham 

Three groups of six boys each between the ages of 12 and 14 were 
selected as the fittest of their type by physical training experts from 

A. a Grammar School; 

B. a Suburban Secondary School; 

C. a Boy Scout Group from an artisan district. 


Average of physical characters 


Group 

Ht. (cm.) 

Wt. (kg.) 

V.C. (1.) 

Si/S 

Bo/Ba 

A 

150 

48-3 

333 

44 

70 

B 

167 

43-7 

3-0 

44 

70 

0 

144 

34-2 

2-65 

45 

as 



Average functional characters 


Group 

Total strength 
kg, (Martin) 

B.H. 

sec. 

Max. exp. 

force 
mm. Hg 

F.W. indox 

A 

43 

50-6 

59-6 

71 

B 

36-5 

46T 

63 

68 

0 

20 

41-4 

39 

43-5 


Si/S : ratio sitting height to total height. 

Bc/Ba: ratio bicristal to biacromial width. 

B.H. : breath holding. 

F.W. index (Flack-Woolham) : 

Max. exp. force x breath holding (sec.) x B.H. (sec.) at half max. exp. 
force corrected for age by division by 100 x (0-25 age) 1 -® 07 . 

Total strength : arbitrary figure (in kg.) from pull of pectorals, forearm 
flexors and thigh adductors. 
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A simple apparatus for the determination of the specific gravity 
of small amounts of fluid. By H. Heller. Beit Memorial Research 
Fellow. From the Department of Pharmacology, Oxford 

The apparatus was designed to estimate the specific gravity of 
biological fluids in cases where the 

amounts of sample fluid at the dis- | 2 I 

posal of the investigator are less than \/ ^ 

0-5 c.c., e.g. catheter urine. Actually f~ u ~ q j 

OH c.c. of fluid proved to be suffi- Q U 

cient. The apparatus obviates the rjv — i 

use of a pyknometer in cases where J n \ | j ) 

extremeaccuiacyisnotrequired.lt / j ‘ S .>P 

works on the principle that a drop _ J s '- 

floats in a fluid which has the same . - . 

sp.gr. and with which it is im- j ■ | 

miscible. I t i 

The ordinary clinical urinometer l I 1 / 's. 1 
is used which is kept in tube B. Tube Hr— ■ (. I j 11 

A is filled with a mixture of a heavy \J- — rj — * ‘ 

and a light fluid, e.g. carbon tetra- rq j | 
chloride and toluol or petrol ether. ; 

The sp.gr. of this mixture can be : l J 

decreased by adding the lighter fluid | i i 
through the capillary tube C, which is I 1 I 

connected to burette no. 1. The fluid V_Z~ | B [ 

mixes the content while rising to the C J j I 

surface. The heavier fluid is dropped \ ^ 

into tube A from burette no. 2. \ j 

Facility for a more thorough mixing \ / 

of the fluids is provided by blowing ^ — . , — ^ 

air through tube D which is con- j | F f 

nected with a rubber bulb. The I j 

sample fluid is dropped from a J 

capillary tube into E, and the sp.gr. 

of the carbon tetrachloride/tolnol mixture varied until a drop remains 
suspended in the surrounding fluid. {Tube B prevents drops of sample 
fluid from clinging to the urinometer. It is perforated to permit free 
mixing of the carbon tetrachloride/toluol mixture.) The urinometer is 


1 » I 

I B j 1 
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then read and the temperature of the mixture taken. Some of the lighter 
fluid is added if the apparatus is no longer required so that the sample 
fluid collects above tap F. This has the advantage that any used test 
fluid can be removed when a new determination is begun and that the 
carbon tetrachloride/toluol mixture can be used for several determina- 
tions. When not in use E and G and the burettes are closed with stoppers 
to prevent evaporation. 

The advantages of the apparatus are: 

(1) Cheapness. 

(2) Use of an ordinary clinical urinometer. 

(3) The small amount of sample fluid needed (0*1 c.c.). 


The potentiation of prostigmine by ephedrine In a case of 
myasthenia gravis. By J. W. Thornton. From the Pharmacology 
Laboratory, Bristol University 

Schafer [1939], reporting a case of myasthenia gravis, stated that 
ephedrine and glycine did not help at all, while prostigmine and benze- 
drine did so very considerably. 

The case here reported is of a girl of 13£ years and 6 stone weight 
who developed weakness and exhaustion about Easter 1939 when her 
school teacher noticed drooping eyelids. Benzedrine and glycine were 
not tried, but the addition of ephedrine to the routine treatment with 
prostigmine is shown by ergographic records, as well as clinical observa- 
tion, to increase the power to do muscular work very much. 

Ephedrine by mouth had been tried from 20 to 22 October in dotes 
of gr. £ t.d.s., and was abandoned because it gave no obvious clinical 
improvement. When first seen by me on 26 October she was being given 
guanidine in divided doses of 200 mg. per day by mouth. This had started 
on 11 October and was stopped on 30 October in order to get control 
records under prostigmine alone. At this time she was having prostigmine 
1 mg. by injection in six 3-hourly doses during the daytime with an 
increasing number of emergency doses of 0-5 mg. due to threatening 
respiratory failure as the prostigmine effect was wearing off in less than 
3 hr. 

Ergographic records were taken from the right middle finger, and 
it was found that 2| hr. after prostigmine she could not lift 1 kg. at all. 
She lifted \ kg. for 60-70 sec., after which the finger muscles were com- 
pletely exhausted. Computation of the work done on three such occasions 
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gave figures of: 25-6; 33-0; 33-2 kg. cm. At this stage an injection of 
prostigmiue 1 mg. became imperative to avoid respiratory failure; 10 min. 
later she was able to lift the 4 kg. double the height to begin with and to 
continue for many minutes without, exhaustion or even marked fatigue 
in one test she did 72 kg. cm. work in the first minute and then continued 
for several minutes at a rate of 22*4 kg. cm. /min. 

When ephedrine was tried in dose of gr. i (65 mg.) by injection instead 
of the prostigmine the ergograra showed that exhaustion wn3 reached 
after 80 sec., during which 42-75 kg. cm. work was done. At this point 
1 mg. prostigmine was injected and the work done increased in the 
following way: 85-3 kg. cm. work was done in the 1st minute and the 
patient continued at a rate of 62-0 kg. cm. /min. for 25 min. without any 
signs of further flagging — and volunteered that she was not tired. Total 
work done was 1318 kg. cm. This result was obtained on the first occasion 
when ephedrine and prostigmine were used together, and therefore this 
combination was continued 3-hourly. By the next day, after five doses 
of ephedrine and 2-24 hr. after the double injection, the ergogram showed 
that she could do 608-9 kg. cm. work at an average rate of 35 kg. cm./min. 
with only partial fatigue. This compares with the 25-38 kg. cm. work 
she could do at the same stage on prostigmine alone. The next double 
injection raised the rate of work to 73 kg. cm./min. for 9 min. 'without 
fatigue. Two days later there was further improvement, including general 
condition, and heavier weights could be lifted. 1 kg. was lifted for 11 min. 
at a rate of 56-7 kg. cm./min. without fatigue, and 2 kg. were lifted for 
7 min. at a rate of 122-5 kg. cm./min. when fatigue was almost com- 
plete. At this point the total work done was more than 60 times that in 
controls. 

To verify this effect the ephedrine was stopped for 4 days, exhaustion 
returned and increased prostigmine was necessary. The work done after 
4 mg. prostigmine (88 in 1st, 41 in 2nd, 32 in 3rd, and 16 kg. cm. in 4th 
and 5th min.) was barely more than that in the original controls with 
1 mg. prostigmine. 

Ephedrine was then restarted in half the previous dosage, i.e. gr. i, 
6-hourly ( = 3 doses per 24 hr.), leaving the prostigmine as before (1 mg., 
3-hourly =6 doses per 24 hr.). This was continued for 47 days, during 
which the patient continued to improve clinically and was allowed up 
at her own discretion, instead of being bedridden. Without warning she 
collapsed on 8 January, about 6 a.m. and in spite of an extra injection 
of prostigmine was dead by 6.15 a.m., probably before the injection could 
take effect. 
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Analysis of over forty ergograms taken during the course of this 
case show that the effect of the ephedrine lasted for about 5 hr., and that 
it did not prolong the action of prostigmine which was still necessary at 
<3 -hourly intervals in the daytime. The patient was always weakest at 
6 a.m., and ergograms taken before the 6 a.m. injection, i.e. 9 hr. after 
prostigmine and 12 hr. after ephedrine, showed complete fatigue with 
\ kg. in less than 2 min. with a total work done of 40-42 kg. cm., a state 
comparable with the fatigue period of the controls before ephedrine was 
given. In view of this it is thought that the injections should not have 
been stopped during the night in this case. 

I have to thank Dr H. H. Corleton for permission to study and report this case and his 
House Physician, Dr C. A. St Hill, for considerable help in taking a number of the ergograms. 

I 
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Synchronous mitoses in a binucleate macrophage in vitro. By 

F. Jacoby. From the Department of Physiology, The Medical School, 
Birmingham 

The mode of formation and the fate of somatic binucleate cells both 
in situ and in vitro is still a matter of controversy. Three modes of origin 
are possible: mitotic or amitotic nuclear division without cell cleavage 
or fusion of two mononucleate cells. Macklin [1916] advocates the forma- 
tion via amitosis. If such binucleate cell ever divides mitotically the two 
nuclei behave like one forming a single mitotic figure and eventually 
give rise to two mononucleate daughter cells. Lewis [1927], on the other 
hand, favours the view that mitosis without cytoplasmic division and 
fusion play at least as great a role in binucleate cell formation as amitosis 
if not more so. According to this author the mode of formation may 
depend on the cell “species”. He himself observed in living sarcomatous 
cells the increase in size of multinucleate giant cells by fusion with 
mononucleate cells or with another giant cell. The fusion of two single 
cells to form a binucleate cell was not observed. Lewis also describes 
various modes of “double mitoses” in binucleate mesenchyme cells in 
which the nuclei were lying more or less side by side. 

For both problems (formation and fate of such cells) continuous living 
observation is indispensable. Evidence derived from fixed material only 
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is of little value. The following observation, therefore, made on ft binu- 
cleate macrophage is of general interest nnd seems worth reporting. The 
observation was made on a pure culture of “tissue macrophages living 
in diluted serum in a Carrel flask. The technique of their isolation from 
chick embryo heart explants has been communicated previously [Jacoby, 
1938], A part of the culture containing 243 cells was photographed oyer 
a long period at 6 min. interval at a magnification of 150 x . On analysing 
the film an elongated binucleatc cell was found the two nuclei of which, 
lying as it were in “head-tail” position, went simultaneously into mitosis. 
Cytoplasmic division followed in both equatorial planes. Thus three cells 
were formed, the two peripheral ones (c and b) being mononucleate, tbc 



Fig. 1. Tracings taken from 19 consecutive photographs of a binudeate coll undergoing 
double mitotic division; from culture TM 53/8857/5S b, tissue macrophages, 43 days 
in vitro. Magnification 150 x . 

central one (c) binucleate. The course of events is shown in Fig. 1. Since 
first the two and then the four groups of chromosomes were clearly 
visible ( f ), in spite of the relatively low magnification, the process 
could be elucidated with ease. On the actual photographs (paper 
negatives) the nucleoli and the nuclear outlines, especially prior 
to division, could also be discerned. The nuclear divisions lasted for 
about 24-30 min. and it took about an hour from the onset of cyto- 
plasmic division until complete visible separation of the three cells was 
accomplished. But these cells often remain attached to one another with 
a thin cytoplasmic process for long periods. 

Furthermore, the synchronism of the mitoses is worth noting. Exact 
synchronization is very rare in tissue cultures both in fibroblastic cell 
colonies and in pure populations of monocytes or macrophages. Even 
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win cells (derived from the mitosis of a single cell) which often remain 
tear each other during the interkinetic period are usually considerably 
iut of step when they enter mitosis. For synchronous mitoses to occur 
he presence of an organic cytoplasmic continuity seems essential, prob- 
bly because it establishes identical environmental conditions for the 
entrosomes and nuclei. This has also been observed in fertilized eggs ; if 
ell cleavage was suppressed experimentally all the nuclei present in the 
ommon cytoplasmic unit would divide simultaneously [Polowzow, 1924]. 

Conclusions: The original binucleate cell must have been formed — 
ot by amitosi8, but either by fusion or by mitosis without cytoplasmic 
ivision. A binucleate cell can in the above way give rise to further 
(nucleate cells. Such “double mitosis” is only a rare occurrence under 
le conditions of these experiments. It has only been seen once among 
lore than 3000 mitotic divisions of monocytes and macrophages followed 
hotographically. 
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Tegative phase blood produced la vivo by trypsin. By the late 
J. Mellanby and C. L. G. Pratt. From the Department of Physiology, 
University of Oxford 

It has been shown that negative phase blood is incoagulable because 
contains no fibrinogen [Mellanby, 1908]. It may be easily prepared 
t the intravenous injection of thrombase or thrombokinase in the cat. 
may also be produced in the cat by the intravenous injection of 
suitable quantity of activated pancreatic juice, and the course of 
sappearance and return of fibrinogen followed by determining the 
igree of dilution at which the oxalated plasma is still able to gelate 
fen thrombase is added. Normal oxalated cat’s plasma will produce 
firm clot with thrombase when diluted 40-fold with 0-85 % NaCl. If 
e greatest dilution at which a sample of plasma will clot under the 
fluence of thrombase is 20-fold, that may be taken as evidence that 
Jy one-half the normal quantity of fibrinogen is present. 
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The following experiment illustrates the production of incompletely 
negative phase blood : 

A male cat, 2-7 kg., under chloralose anaesthesia, received 20 ml. 
activated pancreatic juice intravenously. Before injection, and at 
intervals after it, 2 ml. samples of blood were removed from the carotid 
artery, oxalated, and the cells removed by centrifuging. From each 
sample 4 ml. plasma was used to set up a series of mixtures of plnsmn 
with 0-85% NaCl containing plasma in the proportions 1 : 2, 1 : 4, 1 : 8, 
1 : 16, 1 : 32 and 1 : 40 respectively. Thrombase, 0-1 ml., was then added 
to each tube and the whole incubated. As Table I shows, about four-fifths 


Tabu; I 



Maximum 

Percentage of 

Time after 

dilution in 

original 

injection 

which plasma 

fibrinogen 

min. 

will clot 

remaining 

0 (before 

1 :40 

100 

injection) 


10 

1:8 

20 

30 

1 : 4 

10 

45 

1:4 

10 

60 

1:4 

10 

120 

1:4 

10 

180 

1:4 

10 


of the fibrinogen was removed from the circulation within 10 min. and 
after 30 min. only one-tenth of the original concentration of fibrinogen 
remained. Replacement of fibrinogen had not begun in 3 hr. 

Complete incoagulability may be secured by increasing the dose of 
trypsin. 

A male cat, 2-5 kg., received 25 ml. activated pancreatic juice intra- 
venously. Table II shows the depression and subsequent recovery of 
fibrinogen concentration. 

Table II 


Time after 

Maximum 
dilution in 
which plasma 

Percentage of 
original 
fibrinogen 
remaining 

injection 

will clot 

0 (before 

1 :40 

10 

injection) 
20 min. 

1:2 

5 

30 mm 


o 

5 hr. 

17 hr. 

1:12 

0 

30 

25 hr. 

1 : 40 

100 


The rate of recovery is of interest. In the first 17 hr. only about 30 % 
of the original amount of fibrinogen had been replaced. In the next 
8 hr. (or lessl the remaining 70 % entered the blood stream 
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The rate of reappearance of fibrinogen after its removal from the 
circulating blood has been studied by Stanbury, Warweg & Amberson 
[1936] in normal dogs and by Ettledorf, Mitchell & Amberson [1937] 
in immunized dogs. Using the method of total plasmaphoresis, involving 
the removal not only of fibrinogen but of all the native proteins of the 
plasma, both groups of workers appear to have found that replacement 
of fibrinogen is not complete within 50 hr. The return in less than half 
that time of the fibrinogen removed by the action of trypsin may indicate 
either a species difference or that this procedure involves less general 
depreciation of the physiological condition of the animal or less damage 
to the source of supply of fibrinogen. 

The manner in which trypsin produces negative phase blood in vivo 
is doubtful. Two mechanisms are possible. Either trypsin directly digests 
fibrinogen, or it liberates thrombokinase, leading to intravascular de- 
fibrination of the blood, the fibrin being deposited harmlessly on the 
endothelium of the small vessels. According to Eagle & Harris [1937] 
intravenous injection of trypsin in the rabbit rapidly kills the animal, 
large soft clots being found post mortem in the heart and great vessels, 
due probably to thrombokinase liberation (though attributed by Eagle 
& Harris to activation of prothrombase by trypsin). In the cat this does 
not occur. It is possible that thrombokinase is liberated but that the 
digestion of prothrombase or thrombase is so rapid that fibrinogen is 
not clotted. The rapidity with which trypsin digests prothrombase, 
thrombase and fibrinogen in vitro [Mellanby & Pratt, 1938] suggests that 
negative phase blood in vivo is due, not to intravascular coagulation 
but to fibrinogen digestion. 
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The antiklnasic action of cobra venom. By N. B. Myant and 
C. L. G. Pratt. From the Department of Physiology, University of Oxford 

The anticoagulant action of cobra venom when injected intravenously 
into dogs and rabbits was shown by Morawitz [1904] to be due to the 
inhibition of the first phase of coagulation, viz. the conversion of 
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prothrombase into thrombase by thrombokinase in the presence of calcium 
salts. This was confirmed in vitro by Mellanby [1903] using a solution 
rich in prothrombase prepared from fowl plasma, but the nature of the 
antiMnasic action remained obscure. The demonstration by Loathes & 
Uellanby [1939] also in vitro that preparations containing lccithine 
powerfully enhance the action of thrombokinase on prothrombase sug- 
gested that cobra venom depresses the activity of thrombokinase by 
depriving it of the adjuvant influence of lecithine. The venom is known to 
contain a lecitbinase and to convert lecithine into lysolecithine, though 
to what extent is not certain. Leathes Pratt [1940] have found that 
lysolecithine has no adjuvant action on the kinasic action of Daboia 
venom. If the suggestion should prove correct, the antikinasic action of 
cobra venom in vivo would support the important implication that the 
normal process of the coagulation of the blood involves the action of 
lecithine as an activator or augmentor of thrombokinase. 

Preliminary experiments indicate that the relation between cobra 
venom and thrombokinase is not a simple one. 

(1) Cobra venom blood. Cobra venom blood can be prepared by re- 
ceiving arterial blood from a cat into a vessel containing cobra venom, 
or more conveniently, by injecting venom 2 mg./kg. intravenously and 
bleeding the animal within 2 min. (i.e. before the circulation stops), 
using artificial respiration. The blood 60 obtained remains fluid at 0° C. 
for a considerable period of time. After removal of the corpuscles, the 
following agencies may be shown to bring about coagulation of the plasma : 

(а) Daboia venom (a powerful thrombokinase). 

(б) Testis suspension (thrombokinase). 

(c) 3Iore cobra venom. 

(d) Trypsin and papain. 

(e) Lecithine. 

(/) Thrombase. 

(2) Activation of prothrombase. Cobra venom delays the activation 
of prothrombase by Daboia venom in a characteristic way. Although 
the first indication of activation is detectable almost as soon in the presence 
of cobra venom as in its absence, the process is not completed with the 
usual increasing velocity, and the final concentration of thrombase formed 
is diminished. 

The influence of cobra venom on the augmentation by lecithine of the 
kinasic action of a weak solution of Daboia venom depends upon the con- 
centration of the cobra venom. A high concentration abolishes the 
augmentation whereas a lower concentration enhances it. 


P PROCEEDINGS OF THE PHYSIOLOGICAL 

concentrations of cobra venom so far tested hasten the activation 
ihrombase by testis thrombokinase, with and without lecithine. 
tion of testis thrombokinase is scarcely augmented by lecithine. 
Proteolytic enzyme. In common with many snake venoms cobra 
contains a proteolytic enzyme capable of clotting milk and of 
g about the coagulation of fresh fowl plasma just as does trypsin, 
concentrations used in these experiments it was not possible to 
a digestive action on thrombase. 

Foiel plasma. As is the case with trypsin [Mellanby & Pratt, 1938] 
’’enom does not clot “ripe” fowl plasma, which is insensitive to 
.gulant action of proteolytic enzymes. Such plasma is therefore 
anient test object for the study of the interaction of thrombo- 
and antikinase uncomplicated by interference from the enzyme, 
renom diminishes the coagulant action of Daboia venom and of 
hrombokinase on “ripe” fowl plasma, with and without added 
e. 

ra venom antagonizes in different degrees thrombokinases from 
t sources. If concentrations of Daboia venom and of testis sus- 
be selected such that they are equally active towards “ripe” 
asma, then the Daboia venom coagulates cobra venom plasma 
lore readily than does the testis suspension. 
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e span of the red blood corpuscles and the maturation 
Ime of reticulocytes. By H, S. Baak and T. W. Lloyd 

duration of life of red cells in the circulation is of physiological 
hological importance, especially since attempts have been made 
tbe pathogenesis of some anaemic states by estimations of the 
metabolism of haemoglobin. Investigators haye attempted to 
ne the span of life of erythrooytes by examination of patients 
g blood transfusion, by animal experiment, by observations of the 
naturation of reticulocytes in vitro, and by determination of the 
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bile pigment excretion. The results have, however, shown an enormous 
discrepancy. The most notable results have been obtained by transfusion 
of normal people with blood of the groups M and N , which suggest that 
the red cells persist for 55-75 days. Experiments on the maturation time 
of reticulocytes in vitro suggested that the life span was 100 days, and 
since in this experiment 1 % reticulocytes was taken os a normal average, 
which we consider much too high, about 150 days should be deduced 
from these findings. From stercobilin excretion 200 days lias been 
calculated, while from some animal experiments a figure of 8-10 days 
has been reached. 

Our investigations include experiments in vitro , observation of the 
rate of maturation of reticulocytes during life, an examination of blood, 
both by counts and Price-Jones curves, following blood transfusions. 

That the red cell normally leaves the bone marrow only in the stage 
of the reticulocyte appears to be well founded, but observations of 
discrepancy between blood regeneration and reticulocytosis are not 
without objection. It may, therefore, be assumed that if the maturation 
time of the reticulocyte can be determined, it is possible to discover the 
life of the red cell. All investigations in vitro have been made in a solution 
recommended by Osgood for cultures of bone marrow cells. It seems that 
sterile precautions, and a solution containing plasma salts in isotonic 
concentration and sufficient sodium citrate to prevent clotting are the 
only indispensable conditions. Films are made each from a eeparate 
tube at intervals of 2 hr. 

The counts show a linear decrease in reticulocytes for the first 4r-8 hr. ; 
after 6-8 hr. the slope becomes less steep and may even run a horizontal 
courae for many hours. Simultaneously, morphological changes occur 
indicating a damage to their vitality. The first few hours only can be 
considered as an imitation of vital conditions and the true maturation 
time of the reticulocyte is best obtained by extrapolation of the steep 
slope to the abscissa. The average time obtained on a series of normal 
cases, and cases in which there was a slight reticulocytosis was 11 hr. 
Taking an average 0-7 % reticulocytes, a life of 65 days for the circulating 
red cell is obtained. In cases with high reticulocytosis and many im- 
mature reticulocytes the maturation time may be much longer, even 
24 hr. ; sudden increases in the reticulocyte count are associated with 
increased maturation time. There is not, however, any fixed relation 
between the number of reticulocytes and the maturation time, nor do 
the morphological differences between the Heilmeyer groups allow a 
calculation to he made from a differential count. In pathological cases 
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the maturation time must be determined individually. The regeneration 
rate, a figure indispensable in investigations of haemoglobin metabolism, 
is calculated by multiplying the reticulocyte percentage by 24 and 
dividing by the maturation time in hours. Extremely short maturation 
times, of about 3 hr., have been found in two cases of pernicious anaemia. 
This may in part explain the discrepancy between the low number of 
reticulocytes and the high output of coproporphyrin I in this disease. 

Determination of the maturation time in vivo has as yet been 
performed once only. A normal person was transfused with blood from 
an acholuric familial jaundice with considerable reticulocytosis. An im- 
mediate rise in the recipient’s reticulocytes resulted. Counts at 2 hr. 
intervals showed a return to the pre-tranafusion level in 6-8 hr., a figure 
frequently encountered in experiments in vitro. 

The life span of red cells after transfusion was studied in a case of 
haemolytic anaemia of the newborn. Following repeated transfusions 
a blockade of the bone marrow resulted and very few reticulocytes 
appeared in the circulation. It was found by Price-Jones curves that 
the cells of the patient had been completely replaced by those of the 
donor. The “ aregenerative phase” persisted for 10 days and the drop in 
the red cell level during this period indicated that the transfused cells 
would disappear in about 21 days. 

After transfusion of normal blood to cases of acholuric jaundice 
(marked microspherocytosis), and into cases of macrocytic anaemia such 
as that of icterus gravis neonatorum, and of blood cells showing marked 
microspherocytosis into normocytic persons, the Price-Jones curve shows 
the heterogeneity of the red cell population. By Mogesens’ method such 
curves can be “decomposed” into a major and a minor component. The 
major component is not always identical with the patient’s red blood 
cell population but it is permissible to assume that changes in the 
number of cells in the major and minor components run parallel to the 
disappearance of the donor’s cells. Such investigations have shown that 
the normal red cell when transfused into haemolytic anaemias has a 
short life, but a longer one than that of the patient’s own cells, while the 
pathological red cell of acholuric jaundice disappears very rapidly when 
transfused into normal persons. 
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Induction of lactation in goatB with diethylstilboestrol dipro- 
pionate. By S. J. Folley, Helen M. Scott Watson find A. C. 
Bottomley. (From the National Institute for Research in Dairying, 
University of Reading) 

Numerous workers have shown that oestrogen treatment inhibits 
lactation [see Folley, 1936], and Nelson [193G] believes that oestrogens 
play a decisive role in the prevention of lactation prior to parturition. 
Our experiments indicate that for the ruminant this theory may require 
modification. 

One gram of 1% diethylstilboestrol dipropionnte ointment was 
applied thrice weekly to the udder of a virgin female goat and daily 
milking begun. After a latent period of 30 days during which a few ml. 
of fluid were secreted daily, there was a sudden increase in milk yield to 
a maximum of 1600 ml. daily and then a slow decline. The milk yield 
curve resembled a normal lactation curve. Omission of the oestrogen 
from the ointment had no effect on the course of the curve for 20 days, 
but then there was a sharp fall, not immediately arrested by reapplica- 
tion of double the original dose of oestrogen. Eventually, especially when 
the original oestrogen dosage was restored, the milk yield rose once more. 
The milk secreted during the artificial lactation was normal in com- 
position (nitrogen partition, lactose %) and indeed was of excellent 
qnality (% fat >6, % non-fatty solids >10). 

Essentially similar results were obtained with two other virgin goats, 
one of which during a long preliminary control period of daily milking 
and inunction with base ointment (i.e. ointment without the oestrogen) 
secreted a small quantity of milk daily, and a virgin heifer, though in 
the latter case, the ma xim um yield was small and the secretion never 
passed the colostral stage. No milk could be obtained from either the 

b 



16 P PROCEEDINGS OF THE PHYSIOLOGICAL 

third goat or the heifer during the preliminary control periods of at- 
tempted m i lk i n g and inunction with base ointment. All attempts to 
induce lactation in male goats failed even when progesterone was also 
given. 

De Fremery [1938] found that prolactin treatment was necessary to 
induce artificial lactation in female goats following preparation with 
oestrogen. These experiments show that oestrogen treatment will cause 
udder development and copious secretion of normal milk in virgin goats 
without need for prolactin treatment. Oestrogens at the levels used by 
us evidently do not inhibit lactation in goats. 

Wo are indebted to Dr F. L. Pyman, F.K.S., and Messrs Boots Pure Drag Co., Ltd., 
for the diethylgtiiboestrol dipropionate used in these experiments. Our thanks are aka 
due to Mr C. Kirby for the care of the animals. 
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Double representation of the feet in the sensory cortex of the 
cat. By E. D. Adrian. ( From the Department of Physiology, Uni- 
versity of Cambridge) 

The recording of potential changes on the brain surface is now an 
established method of mapping the receiving areas of the cortex [cf. 
Kommuller, 1937], Recent papers are those of Marshall, Woolsey & 
Bard [1937] on the sensory area in the monkey and of Bremer & Dow 
[1939] on the auditory area in the cat. In the course of some experi- 
ments on the cat’s brain the sensory area has been mapped repeatedly 
and in one respect the results have been unexpected. The method has 
been to record the afferent impulses reaching the cortex from different 
parts of the body in cats anaesthetized with dial or chloralose. The sensory 
receiving area determined in this way (Fig. 1) agrees very well with the 
sensory field shown in Campbell’s map of the cat’s brain [Campbell, 
1905]. In the anterior part of the area (Fig. 2) the localization follows 
the expected arrangement. The main region for the trunk and limbs is 
in the posterior sigmoid gyrus immediately behind the motor area: 
impulses from the hind limbs arrive in the cortex very close to the mid- 
line; the trunk, shoulder, elbow and forefoot regions extend laterally to 
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the coronal sulcus and the regions for neck, car, face, lips and snout, 
follow on in the anterior part of the suprasylvian gyrus. But, final \ , 
behind the head area and in the cctosylvian gyrus there is a second 
region for the forefoot and a small one behind it for the hind foot. These 
give a maximal response to touches on the claws and scarcely any to 
touches above the wrist or ankle. The area for the hindfoot is sometimes 




Fig. 2. Localization within the sensory receiving area, showing the double 
representation of the feet. 

not more than 1 mm. square, but it has always been found caudal to the 
forefoot area, so that the two regions for the hindfoot may be separated 
by as much as 2 cm. though the two regions for the forefoot are closer 
together. 

The meaning of this doable representation of the feet is uncertain, 
hut it is not found in the dog and so may well he related to the special 
movement of the claws in the Felidae. The boundaries of the posterior 
foot area lie near the point marked by Perrier [1886] as responding to 
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stimulation by giving a clutching action of the paw with protrusion of 
the claws and this motor response often follows stimulation of the area 
by weak shocks. The area also corresponds in position with Tower’s 
“lateral extrapyramidal motor area” [Tower, 1936]. 

The map in Fig. 2 shows the termination of the most direct pathways 
by which afferent impulses can reach the cortex. It gives the arrival 
areas as they are found in deep anaesthesia, when only the opposite side 
of the body is represented and the localization is stable and sharply 
defined. In lighter anaesthesia there is more irradiation: an abrupt tap 
on any of the feet may give a widespread response [cf. Forbes & Morison, 
1939] and the primary afferent discharge is followed by an oscillating 
after-discharge of impulses from the thalamus. The points of maximum 
response remain unaltered, but clearly there is no reason to expect 
complete agreement between this map and maps of the sensory area as 
defined in some other way, e.g. by Dnsser de Barenne’s strychnine method. 
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The diffusion of large molecules through the cell membrane. 

By J. F. Danielle From the Biochemical Laboratory, Cambridge. 

For molecules of, for example, glycerol, penetrating ox erythrocytes, 
the resistance to free diffusion lies almost entirely at tlic membrane oil- 
water interface [Daniclli, 1939], and is due to the high potential energy 
barrier restricting diffusion from water to oil. This potential energy 
barrier is mainly due to “hydrogen” bonds formed with wntcr by each 
polar group of the diffusing molecule. All these bonds must be broken 
simultaneously before penetration of the oil layer occurs. 

In the case of proteins (e.g. ovalbumin) each molecule contains 
many polar groups and forms many “hydrogen” bonds with water. 
For proteins forming only 100 bonds the minimum kinetic energy for 
penetration is 100,000 cal., which gives a maximum permeability of 
one molecule per cm. 2 in 10 150 years per mol. per litre concentration 
difference. Alternatively, one may assume that the protein penetrates 
by knocking a cylindrical hole in the membrane. Then the minimum 
possible kinetic energy for penetration is equal to the free surface energy 
of the hole and removed cylinder. This gives a minimum rate of one 
molecule per cm. 2 in 10 32 years. Thus it appears that proteins cannot 
penetrate a thin oil layer by ordinary diffusion processes, and that where 
penetration of a cell membrane occurs, it must be through some specialized 
area. 

But large fatty molecules form few “hydrogen” bonds and will 
readily penetrate into the oil layer, and the chief resistance to penetra- 
tion will arise in moving out of the membrane into water. The mini mum 
possible energy required for this is 500-1000 cal. per CH» group, giving a 
maximum rate for oleic acid of 10~ 2 to 10 -1 g. mol. cm. 2 /day. The maximum 
rate of penetration of the intestinal villi is about 10 -4- g. mol./cm. 2 /day, 
so that fatty acids may penetrate by a simple diffusion process. But with 
triBtearin the calculated maximum possible rate is one molecule in a year 

c 
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per cm. 2 This is too small to be of practical importance, so that if tri- 
glycerides penetrate a cell membrane they must do so by some special 
mechanism. Sterols fall into an intermediate group concerning which no 
decision can be reached from the calculations. 

REFERENCE 

DaniaUi [1939], J. Phyaidl. 88, 2 P. 


The ageing of fowl plasma. By 0. L. G. Pratt. From the 
University Laboratory of Physiology, Oxford 

Fresh stable fowl plasma is coagulated in a characteristic manner by 
the addition to it of trypsin. This sensitivity to trypsin gradually declines 
and ultimately disappears when the plasma is kept for several weeks at 
0° C., and at the same time a scanty white precipitate is deposited. By 
digesting the precipitate 'with activated pancreatic juice it is possible 
to prepare a solution which will bring about coagulation of the “ripe” 
supernatant plasma. These observations were made by Mellanby & 
Pratt [1938], who put forward the suggestion, in order to account for 
them, that the process of ageing consists essentially in the deposition of 
a hidden thrombokinase which in fresh plasma can be liberated by 
trypsin. However, the observation of Leathes & Mellanby [1939] that 
the action of thrombokinase on prothrombase in the presence of calcium 
can be considerably accelerated by lecithine suggests that a factor in the 
ageing of fowl plasma may be the inactivation or precipitation of lecithine 
or of a substance which can be replaced by lecithine. The following facts 
support this view: 

(1) “Ripe” fowl plasma can be coagulated by trypsin if lecithine be 
first added to it. 

(2) As the plasma ages, its resistance to coagulation by the thrombo- 
kinase of Daboia venom increases considerably, whereas its resistance to 
coagulation by a watery suspension of testis is only slightly increased. 
Now the action of Daboia venom upon prothrombase is greatly assisted 
by lecithine; that of testis thrombokinase is not. 

(3) The resistance (as indicated by the clotting time) of “ripe” 
plasma to Daboia venom is greatly diminished by the addition of 
lecithine, but the resistance to testis thrombokinase is scarcely lessened 
by this means. 
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If the phenomenon of the ageing of fowl plasma is due to the pro- 
gressive removal of lecithine, then it is probable that lecithine (or a 
substance closely associated with it) plays a part in the normal process 
of blood coagulation. 
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Lymphocytosis Induced, by extracts from lymph nodes. By 
BL L. Meyerhof. From the Research Department of the Istiluto 
Sieroterapico Milanese, the Institute for Microbiology, University of 
Milan, and the Department of Pathology, Cambridge 

The results hitherto obtained on the effect of extracts from lymph 
nodes on the lymphocyte count are conflicting. We have found that the 
mesenteric lymph nodes of the calf contain a principle which induces 
lymphocytosis in the guinea-pig. The glands extracted contained 
74-80 % water; 14-S-17-2 % of the dry weight were lipins. The active 
principle was soluble in alcohol [confirming Rocchini, 1937] and insoluble 
in acetone. Water or saline did not extract the active principle from fresh 
or dried glands. The usual extracts were prepared by alcohol extraction 
of the acetone insoluble residue (the phosphatide fraction, which con- 
tained 54-4 % of the lipins) and were taken up in aqua dtsf. When 
suspended in olive oil, however, the extracts were inactive. Extracts 
similarly prepared from other organs (heart, kidney, liver) of the calf 
produced no lymphocytosis, even if taken up in aqua dist. 

The following fractions were inactive: (1) alcohol insoluble, ether 
soluble; (2) alcohol and ether insoluble, chloroform soluble; (3) acetone 
and alcohol soluble; (4) acetone soluble, alcohol insoluble; (5) acetone 
and alcohol insoluble, ether soluble; (6) acetone, alcohol and ether in- 
soluble, chloroform soluble. 

Daily subcutaneous injections (0-5-3-0 c.c.) were given over a period 
of 3 weeks or longer. 1 c.c. contained the equivalent of 0-4r-17-3 g. of 
fresh tissue. The lymphocytes in the peripheral blood started to increase 
10-20 days after the begi n ning of the injections. After 30 days the 
average increase was about 200 %. The highest increase observed was 
about 640 %. When the injections were discontinued the lymphocytes 
returned to their normal number within a month. The number of the 
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other white cells remained unaffected. There were no hyperplastic 
changes in the lymphatic system. 

Amounts of extracts which were active when injected into guinea- 
pigs had no effect on the number of lymphocytes in the blood when 
injected intramuscularly into human beings. Larger amounts have not 
been examined, 
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The stimulating effect of glucose and pyruvate on the rabbit’s 
gut. By W. Febdberg and 0. M. Solandt. From the Department of 
Physiology, University of Cambridge 

Glucose or pyruvate is necessary for the liberation of acetylcholine 
in perfused stimulated sympathetic ganglia [Kahlson & Macintosh, 
1939] and accelerates synthesis of acetylcholine in brain tissue [Mann, 
Tennenbaum & Quastel, 1938; see however Stedman & Stedman, 1939]. 
We have tried to find out if the stimulating effect of glucose and pyruvate 
on the isolated rabbit’s gut can be similarly explained. 

A piece of small intestine suspended in glucose-free Tyrode’s solution 
relaxes and the rhythmic contractions diminish and may disappear. 
Addition of 5-50 mg. of glucose or 2-20 mg. of pyruvate to the bath 
(14 c.c.) has, after a latency of 8-40 sec., a stimulating action. The smaller 
doses mainly increase the amplitude of rhythmic contraction, the larger 
ones greatly increase tone. Fhloridzin inhibits the stimulating action 
of glucose and to a lesser extent that of pyruvate. 

About 100 cm. of the gut were perfused from the artery at a rate of 
about 2-5 c.c. per min. with eserinized Locke’s solution. The outflowing 
fluid was collected from a cannula in the vein and from the lumen. In 
three experiments with glucose 1-5, 3-5 and 4-5 pg. of acetylcholine and 
1*5, 1-5 and 2-1 mg. of choline were obtained from both sources in 1 hr. 
The corresponding figures for three experiments with glucose-free 
solution were 1*8, 5-5 and 6-2 pg. and 1-8, 1-4 and 2-9 mg. 

Magnus [1930] suggested that the stimulating action of pyruvate on 
the gut might be due to formation of a choline ester. Rona & Neuldrch 
[1912a, b] attributed the activity of glucose and pyruvate mainly to 
their action on the metabolism of smooth muscle. Our results support 
the latter view and indicate that the stimulating effects of glucose and 
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pvruvate on the isolated gut do not result from synthesis or increased 
liberation of choline or acetylcholine. This conclusion is supported >} 
the fact that an acetylcholine contraction of the gut in glucose-free 
solution is not sustained and that glucose and pyruvate have a stimulating 
action on the muscle of the isolated rabbit heart where acetylcholine 
would have an inhibitory effect- [Rona >k Xcukircb, 191_cJ. 
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The photoelectric determination of blood CO. By D. K. Hill 
(introduced by J. McMichael). From the British Postgraduate Medical 
School 

Blood-volume determinations by the CO method are performed with 
no detriment, even to moderately anaemic patients, if about 10 % of the 
total haemoglobin is put out of action. The accuracy of tlie method then 
depends almost entirely upon the accuracy with which the percentage 
of carboxyhaemoglobin in the blood can be measured. Certain investiga- 
tions in relation to traumatic shock require determinations of circulating 
blood volume which can be relied upon to ±5 % and it is therefore 
necessary to estimate the percentage of carboxyhaemoglobin to rl %. 
This can be accomplished by manometric methods, but tlie technique is 
time-consuming and difficult of rapid repetition on large numbers of 
cases. The demonstration is of an alternative “physical” method depend- 
ing on the difference in light absorption by oxy- and carboxvhaemo- 
globin, and has the advantages of being quicker and simpler. The blood 
can be taken from a finger prick and this avoids venesection which in 
certain subjects may give difficulty. The method has been described bv 
Hartmann [1937] and by Steinmann [1938], 

At the wave-length of the green band of the mercurv vapour lamp 
(546 mg) oxyhaemoglobin and carboxyhaemoglobin have the same specific 
absorption, and at the wave-length of the vellow band (577-579 mu) 
their absorptions differ markedly. The absorption of the blood (diluted 
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1 in 100) is therefore found at these two wave-lengths: the total haemo- 
globin and percentage saturation with carbon monoxide can then be 
calculated. Light intensities are measured by vacuum photocells, the 
recording instrument being a Lindemhnn electrometer. 
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Adrenaline ester. By Derek Richter (introduced by Prof. S. 
Kevin). From the Central Pathological Laboratory, JPest Pari; Hospital, 
Epsom 

In considering the fate of adrenaline in the animal body it lias 
generally been assumed that adrenaline is oxidized in the tissues. Experi- 
ments in vitro have shown that adrenaline may be oxidized in a number 
of different ways: it is oxidized to adrcnochromc by (a) catechol oxidase 
[Green & Richter, 1937], ( b ) the cytochrome system, (c) peroxidase, and 
{(1) pseudophenolases such as the copper-protein complexes [Bhngvat 
& Richter, 1938], while it is oxidized in the side-chain by the amine 
oxidase [Blaschko, Richter & Schlossmann, 1937; Richter, 1937]; but 
there is no evidence that adrenaline is oxidized in vivo. 

It has now been found that after administering adrenaline (0-13- 
0-4 mg./kg. by mouth) in man a substance appears in the urine which 
has the properties of an adrenaline ester; it is readily hydrolysed by 
heating with acid to give adrenaline. The amount found in the urine was 
estimated as equivalent to 70% of the amount of adrenaline administered. 

The precise physiological significance of this adrenaline ester is not 
yet clear: it may be an inactivation product or may be primarily con- 
cerned in the physiological action of adrenaline; but the evidence at 
present available shows that esterification, and not oxidation, is the 
main fate of adrenaline administered under these conditions in vivo. 
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So-called negative intrapleural pressure. By D. B^ns. Frm 
the Medical School, Newcastle-upon-Tyne, University of Durham 

There are two common explanations of the fact that (iiiring lipalth 
the parietal and visceral pleura are in close apposition. Many ex ^ 
state that the tendency of the two surfaces to separate on Wcll 

the elasticity of the lungs is opposed by “ the atmospheric pre 
beats only on tie inner surfaee”, “Ike long, stank ^ 
pressure is equalised on the outside and inside of the sacs • ^ 

latter statement is true it is a misleading though appare ™^ ucfng 

of the previous hypothesis. This can easi y e isp T ° * « negat i ve 

the air pressure witliin the lungs to a value we e vaguely 

intrapleural pressure” without collapse. Another explanaBon g J 
mentions “hydraulic traction” exerted on one pleura UoH oe 
other. This was the view of West who demoi wtatedtiut iece3 

tension of water was adequate to prevent two ■ disk* 
of stretched stomach wall from being pulled straight asm d ^ ^ 
points out that under such conditions it takes _ almo j a m 

cause them to glide freely over one another as F 1 g it ig easy 
indebted to Dr J. A. Saunders foi : a model ^ # ^ 

to demonstrate that pressure in the tangs can d of the 

far below the lowest intrapleural pressure introduced into the 
“lungs” even if capillary active substances are produce ^ 

“pleural sac”. The pleural compared 

force tending to cause separation of e s temperature 

■with the tensile strength of water. A film oF ^ater at ^body P 

can sustain a tension of over 3600 mm. shear to 

rupture. The introduction of gas into he plemal sac^^d ^ 
take place but, if the amount of gas is limited , rupture of 

the lungs expand again. Experimentally [Westa d * haS 

lung tissue takes place before suction applied throng 
' a ny separating effect on the pleural surfaces. 
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The effect of parathyroid extract on gastric secretions. ByF. .1. 
Elliott. From f he Medical School, Nciccastlc-upon-Tync, University 
of Durham 

Lennox [1933] showed that a fall in free and combined HC1, and in 
peptic activity of the gastric juice followed parathyroidectomy in dogs. 
Administration of calcium salts restored normality. 

The injection of 50-75 units of parathyroid extract (“Knparotonc”) 
to normal dogs markedly raises acidity (total and free) and peptic 
activity. This increased gastric activity continued as long ns the blood 
calcium level was above normal and fell as the blood calcium became 
lowered. 

A (i/ptcaf example of the results obtained 


Dog no. 2. 10 months old, weight 0-8 kg. Serum calcium 0-5 mg./ 100 ml. 


Sample Free HCI* 

W { hr. - 

(2) 1 hr. 03 

(3) 1J hr. 04 

(4) 2 hr. — 


Total acidity* Reprint 

0 - 5 1 

0.0 4 ■ 

2-0 12 

1 - 8 11 


After injection of 75 units of “ Euparatone”. Scrum calcium 12-7 mg./lOOml. 
Sample Free HCI* Total acidity* Reprint 

(1) i hr. _ 2 7 14 

(2) 1 hr. 2-8 5-0 20 


(3) 11 hr. 

(4) 2 hr. 


2-8 

3-2 

1-8 


5-8 

40 


1 


* Figures given in mL V/10 NnOH required to neutralize 10 ml. sample. 

I These figures are comparative and are obtained by taking the amount of edesiiu 
digested by various dilutions of the gastric juice under constant conditions. 
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Temperature acclimatization in amphibia. By K. Mellanby 

(introduced by G. A. Clark). From the Sorby Research Laboratory, 
University of Sheffield 

I showed recently [Mellanby, 1939] that the behaviour of certain 
insects at low temperatures was greatly affected by the conditions of 
exposure during the 24 hr. previous to the experiment. Those kept at 
?, ^emperatiires (e.g. 30 C.) were much more easily immobilized by 
co d and MM by temperatures below zero than those from cooler 
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conditions (10-15° C.), these latter having benefited by the cooler 
acclimatizing conditions. 

Amphibia (the frog, Rana temporaria L, and the spotted salamander, 
Salamandra salamandra L.) behave in a similar manner. A frog or a 
salamander kept for 24 hr. at 10° C. is fully active and remains active 
for days when put in water at 0° C., whereas one kept for 24 hr. at 30° C. 
is almost completely immobilized at 0° C. Both animals assume a body 
temperature approximating to that of their surroundings within 15 min. 
It is possible to take one frog or salamander and acclimatize it to 30° C. 
when it will be immobilized at 0° C., then keep it at 10° C. for 24 hr. 
after which it will be active when cooled to 0° C., and then repeatedly 
transfer the animal from one temperature to another and observe 
repeated acclimatization. It should be noted that no acclimatization 
takes place if an animal from 10° C. is warmed to 30° C. for 30 min. 
(internal body temperature) and immediately cooled to 0° C.; it behaves 
as though transferred directly from 10° C. The similarity of the behaviour 
of amphibia and insects makes me suspect that" this is a widespread 
phenomenon in which temperature may alter the properties of the general 
protoplasm of the animals. Not only is the general behaviour of the 
animal affected but various organs give characteristic responses. Thus 
at 0° C. a “10° Salamander” has a heart rate of approximately 20 beats 
per minute, while at the same low temperature a “30° C. salamander’s” 
heart beats 8 times or less in a minute. These characteristic rates are 
maintained at this temperature for many hours, both in pithed and in 
intact animals. Though the two species of amphibia behave in essentially 
the same manner, there are differences in the rate of acclimatization and 
the extent to which these changes occur. 
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The potential difference accompanying a wave of activity. 

By H. E. Roaf. From the Department of Physiology, University of 
Liverpool 

When a tissue becomes active the active portion becomes negative 
compared with its resting state. Craib [1930] has recorded potentials 
showing that triphasic changes may be obtained when a wave of activity 
passes an electrode. The explanation of these triphasic changes is 
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probably ns follows: When a tissue becomes active its surface becomes 
permeable and the negativity of its interior, due to the Helmholtz 
double layer, can be recorded from the surface contrasted with the 
relative positive charge on the resting surface. 

Yf hen negative electrons escape from the interior, it becomes less 
negative, i.e. more positive. As the charges arc attached to ions the 
finite speed of their movement may limit the increased positivity in 
the interior to parts of the tissue near the permeable portion, The 
Helmholtz double layer, if it maintains a constant difference in potential 
between the inside and outside of the tissue, will cause a relative increase 
in positive charge at that part of the surface covering the increased 
positivity inside, i.e. adjacent to the zone in which the surface has become 
permeable. 

In Craib’s [1930] experiments, the distal electrode being at a distance 
from the tissue, any small difference in potential at it will not show much 
change as a wave of activity passes along the tissue, but the electrode 
touching the tissue would show localized changes in potential of which 
the explanation is given above. Hodgkin & Huxley [1939] with an 
electrode inside the nerve showed the effects of stimulation of the giant 
nerve of squid. They published a record in which the marked negative 
deflexion is accompanied by a positive charge sucli as would be expected 
in the theoretical description given above. 
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Triphasic electrical changes. By H. E. Hoaf. From the 
Department of Physiology , University of Liverpool 

Craib [1930] and others [Eccles & O’Connor, 1939] have stated that 
tiphasic electrical changes are due to the active tissue being immersed 
m a large volume of electrolyte. This is not the only way in which 
phasic changes can be obtained and Hoffmann [1912] has already 
cuni such changes with muscle suspended in air. Three recording 

77 7^ ^ XDiddie 0ne daked to <»»> lead of the recording 
electrodes through equal resistances 

*ith the other lead. -When a wave of activity passes the electrodes three 



• : JO P PBOCEz. D22C GS 02 


FEZ PETS. SOC. 15 JtZiYP 1940 

potential chance? h*? rerrrded: (1 '1 —hen the activity reaches 
eleerrooe 1 it vod cans? a cerenfca shoving naif the potential between 
electrode; 1 and 3: (2 ' —hen the actirrry reaches electrode 2 it will cause 
a deflexion in the opposite direction but of the f all value of the potential 
e-ta Wished under electrode 2: fo) —hen the activitv reaches electrode 3 it 
'•vill came a deflexion in the same direction as (1) and again half the 


K/g. J. Tripharic response from frog’s Eartoriua. From above downwards: electrical 
response, time marking in 100 D.v. per sec. and Bignal for point of stimulation. Xofc 
Blimulation artefact at time of stimulation followed by tnpbasic change (up, down, up); 
tbe middle change is larger than the other two because it is full potential at electrode 2. 
Tile other two are smaller because they represent half the potential between electrodes 
1 and 3. 

potential difference between electrodes 1 and 3 because the lead to the 
recording system lias equal resistances on each side of it between 
electrodes 1 and 3 respectively. 

Therefore triphasic electrical responses can be obtained by tissues 
suspended in air. It does not necessarily follow that Craib’s distal 
electrode corresponds to the lead united by equal resistances to electrodes 
1 and 3, 
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